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Introduction 

R.  K.  Amit,  Kulwant  S.  Pawar,  R.  P.  Sundarraj,  and  Svetan  Ratchev 

Ever  since  the  industrial  revolution,  manufacturing  has  been  one  of  the  key  drivers  of 

economic  growth.  Despite  the  increasing  role  of  services,  the  economic  prosperity 

of  several  countries  would  significantly  depend  on  the  manufacturing  sector  that 

can  produce   diverse   products   faster,  cheaper,  and   better.  Figure  1  highlights  the importance  of  manufacturing,  by  showing  the  share  of  manufacturing  of  a  number 

of  leading  countries,  as  a  percentage  of  the  global  manufacturing  output. 

To  achieve  the  normative  goals  of  faster,  cheaper,  and  better,  manufacturing 

requires  enabling  ecosystem  that  integrates  technology  and  knowledge  for  designing, 

producing,  distributing,  and  recycling  products  in  a  sustainable  manner. 

To  keep  pace  with  such  requirements,  manufacturing  paradigms  have  signifi-

cantly  evolved  over  the  centuries.  Figure  2  illustrates  the  evolution  of  manufacturing  paradigms,  vis  a  vis  their  impacts  on  product  quality,  variety,  and  production 

architecture. 
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Fig.  1  Global  manufacturing  share  (2019).  Source  https://www.statista.com

Fig.  2  Manufacturing  paradigms.  Adapted  from  Koren  (2010)
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In  recent  years,  even  the  nature  of  technology  has  been  changing.  For  instance, 

democratization  of  technologies  has  been  a  phenomenon  that  has  been  unfolding 

worldwide  in  the  last  two  decades.  Specifically,  if  were  to  focus  on  the  power 

sector,  for  example,  today,  people  can  set  up  their  own  solar- or  wind-based  gener-

ation  systems  that  go  on  to  contribute  to  the  grid,  besides  catering  to  personal 

power  requirements.  The  other  salient  example  may  be  witnessed  in  the  computing 

industry,  wherein  Open  Source  and  network  technologies,  coupled  with  an  increased 

computing  power  as  a  manifestation  of  Moore’s  law,  have  enabled  ordinary  citi-

zens  to  have  access  to  cutting  edge  computing  technologies,  and  contributing  to 

the  computing  sector  at  large.  This  democratization  phenomenon,  in  fact,  has  been 

affecting  the  manufacturing  industry  in  recent  times  (Golightly  et  al., 2016).  Importantly,  the  benefits  of  democratization  were  clearly  apparent  during  the  heights  of  the 

COVID-19  pandemic,  when  more  and  more  firms  sought  to  develop  supply  chains 

closer  to  ‘home’  (Sheffi, 2020). Focus  began  to  shift  toward  ‘contactless’  digital technologies  to  minimize  the  virus  spread.  Notably,  while  some  of  the  relevant  core 

technologies  have  been  around  for  some  time,  we  are  now  witnessing  a  unique  conver-

gence  of  various  elements,  such  as  hardware,  software,  network,  process  standards, 

and  manufacturing.  To  delineate  the  direction  of  this  change,  we  interviewed  industry 

experts  who  provided  the  following  perspective. 

The  three  broad  shifts  happening  in  manufacturing  are  in  business  models,  in 

becoming  environment  conscious  to  become  net-zero  in  carbon  emission,  and 

evolving  towards  a  software-driven  business. 

The  new  trends  within  business  models  are  a  transformation  to  ‘direct  to 

customers’  using  digital  channels  for  sales,  reimagining  distributor  and  service 

models,  offering  product-as-a-service,  and  new  customer  experience  through 

marketplaces. 

Environment  conscious  business  are  leading  an  energy  transition  towards 

renewables,  a  circular  economy  and  a  shift  in  mobility  towards  elec-

tricity.  Battery  and  H2  powered  transportation  will  become  more  main-

stream  and  dominant.  Factories,  warehouses  and  logistics  network  will  become 

autonomous  using  a  confluence  of  technologies.  As  everything  becomes  soft-

ware  driven  and  connected,  Real  time  observability  will  be  feasible  across  the 

value  chain  and  systems  will  learn  to  sense,  process  and  respond  becoming 

more  autonomous  and  powering  AI  led  assistants  for  human  users. 

Meaningful  use  cases  will  be  discovered  and  deployed  for  Artificial  Intelli-

gence  across  the  cloud  continuum  of  central/edge  cloud,  edge  and  fog  products, 

services. 

Mohammed  Rafee  Tarafdar,  Chief  Technology  Officer,  Infosys
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Since  its  foundation  in  1886,  the  capability  to  industrialize  and  manufacture 

high  volume  products  mainly  for  the  automotive  industry  is  one  of  the  key 

strengths  of  Robert  Bosch  GmbH.  Already  in  the  1990s,  driven  by  the  lean 

production  movement  in  the  Western  World  and  inspired  by  the  ideas  of  the 

Toyota  Production  System,  Bosch  started  to  implement  the  concepts  of  waste 

elimination  and  lead  time  reduction  in  its  more  than  250  plants  around  the 

globe.  Later,  these  ideas  were  combined  with  business  excellence  models  such 

as  the  European  Foundation  for  Quality  Management  (EFQM)  model. 

More  recently  since  around  2010,  Bosch  is  deeply  engaged  in  driving  digital 

manufacturing  systems  assuming  thereby  a  leading  position  in  Industry  4.0 

related  activities.  Here,  Bosch  has  a  dual  role:  On  the  one  hand,  Bosch  is  a 

mature  user  of  I4.0  solution  sets,  on  the  other  hand,  Bosch  is  a  leading  provider 

of  I4.0  standards  to  various  industries.  Bosch’s  I4.0  solution  sets  draw  on  key 

features  such  as  open  standards,  virtual  real-time  representation,  distributed 

intelligence,  fast  integration  or  flexible  configuration  and  are  thereby  consid-

ered  a  powerful  enabler  for  the  implementation  of  lean  principles  through  (a) 

creating  transparency  to  foster  problem  solving  and  (b)  enabling  predictive 

and  prescriptive  activities  strongly  drawing  on  Artificial  Intelligence  thinking. 

The  capability  to  quickly  scale  solution  sets  is  thereby  key  for  the  rapid  pene-

tration  and  realization  of  potential  improvements.  Right  now,  I4.0  principles 

are  applied  throughout  the  entire  product  life  cycle  in  many  Bosch  entities, 

including  product  development.  As  True  North  vision,  Bosch  aims  for  full-scale 

“Digital  Twin”  models  of  value  streams. 

To  conclude,  I4.0  enabled  lean  value  streams  can  be  considered  a  standard 

in  the  operations  contexts  at  Bosch.  Lean  thinking  in  combination  with  I4.0 

principles  thereby  enabled  remarkable  improvements  in  key  performance  indi-

cators  such  as  30%  inventory  reduction  or  10%  output  increase.  Based  on  this 

foundation,  Bosch  will  further  expand  its  dual  role  through  improving  its  own 

value  streams  and  providing  innovative  solution  sets  to  various  other  industries 

at  the  same  time. 

Norman  Roth,  Chief  Technology  Officer, 

Electrical  Drives  Division,  Robert  Bosch  GmbH 

The  automotive  industry  is  at  the  cusp  of  major  transformations.  The  popular 

CASE  trend  in  the  Indian  context  is  slightly  different-Connected,  low  cost 

ADAS  instead  of  autonomous  for  driver  assisted  driving,  Sustainability  instead 

of  shared,  and  eMaaS  or  electric  mobility-as-a-service  instead  of  just  electri-

fication.  ADAS  systems  can  become  mandated  by  the  government  to  improve
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road  safety  and  avoid  accidents  by  providing  alerts  for  situations  like  driver 

drowsiness  or  a  lane  change. 

The  Ukraine  war  has  shown  the  need  to  develop  alternate  fuels  and  reduce 

the  crude  oil  dependency.  CNG,  LNG,  EVs  and  hydrogen  fuel  cells  are  some 

options. 

eMaaS  is  a  business  model  change  where  customers  pay  vehicle  makers 

on  a  per  kilometer  opex  basis  instead  of  procuring  vehicles  in  a  capex  mode. 

Customers  do  not  own  the  vehicle.  It  is  already  in  operation.  In  order  to  cater  to 

these  changes,  manufacturing  should  transform  from  product-centric  to  solu-

tion  and  a  service  centric  business.  That  needs  a  huge  mind  set  change  starting 

from  the  CXO  level. 

Venkatesh  Natarajan,  Chief  Digital  Officer,  Ashok  Leyland 

Manufacturing  enterprises  have  recognized  that  data-driven  innovation  is  the 

key  to  success  in  the  wake  of  unprecedented  market  shifts  brought  about  by 

the  pandemic.  This  new  world  requires  increasing  personalization,  being  able 

to  reach  the  long  tail  of  users,  adaptive  cost  management,  and  faster  decision-

making. 

Cloud  allows  these  enterprises  to  deploy  smart  analytics  and  business  intel-

ligence,  providing  a  secure  platform  with  a  maintenance-free  stack  of  data  and 

AI  services  at  an  unmatched  scale,  speed,  and  availability. 

By  fostering  an  innovative  and  democratized  data  culture,  the  ability  to 

accelerate  development  in  an  open,  customer-friendly,  and  flexible  environment 

becomes  a  reality. 

The  digital  transformation  journey  focuses  on  three  critical  areas:  customer 

experience,  business  outcomes,  and  operational  efficiencies.  Firstly,  it  helps 

bring  the  best  experience  to  end  customers.  By  uncovering  ways  to  provide 

production  visibility  (that  is,  ‘track  and  trace’  of  their  product)  and  improving 

design  and  development  to  obtain  user  insights  with  a  cloud  data  platform,  orga-

nizations  can  improve  their  customer  experience  overall.  Secondly,  it  enhances 

the  internal  business  outcomes,  including  implementing  efficiencies  on  the 

plant  floor  and  production  by  lowering  SCRAP  rates,  moving  to  a  digitized  plat-

form,  and  removing  ‘paper  trails’  to  build  an  integrated  experience  between 

business  units,  processes,  and  people.  Thirdly,  it  develops  operational  effi-

ciencies  by  implementing  Artificial  Intelligence/Machine  Learning  (AI/ML) 

technologies,  predictive  maintenance,  visual  inspection  wherever  possible,  and 

removing  manual  efforts,  ultimately  decreasing  costs,  reducing  SCRAP,  and 

improving  customer  satisfaction. 

Subram  Natrajan,  Head,  Customer  Engineering,  Google  India
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Having  worked  in  the  World  of  Industrial  Manufacturing  for  over  44  years, 

I’ve  seen  many  technologies  come  and  go  without  delivering  true  value  to  the 

economy,  I  believe  Technology  must  have  a  purpose.  The  sceptic  in  me  is 

seeing  the  likes  of  5G  being  a  Technology  looking  for  an  Industrial  problem, 

my  concern  is  technology  being  driven  by  marketing,  I  personally  believe  it 

critical  that  Technology  must  have  a  purpose  and  deliver  real  value. 

If  we  take  a  step  back  and  look  at  how  Manufacturing  processes  have 

improved  over  recent  years,  the  key  benefits  have  usually  been  delivered 

through  continuous  Lean  Design  and  Manufacturing.  Lean  Processes  are 

and  will  continue  to  be  essential,  there  is  absolutely  no  point  digitalising  an 

inefficient  process,  it  will  simply  become  an  inefficient  digital  process. 

Addressing  the  increasingly  merging  Knowledge  and  Skills  needed  across 

sectors,  historically  IT  specialists  would  spend  the  bulk  of  their  time  supporting 

the  office  environment,  we  now  find  those  skills  are  more  critically  required 

on  the  factory  floor.  A  secure  and  robust  single  source  of  the  truth  throughout 

the  whole  product  lifecycle  has  brought  together  the  need  for  IT  and  OT  skills 

across  the  whole  supply  chain.  Potential  employees  can  no  longer  rely  on  their 

academic  qualifications  alone,  they  open  the  door  to  the  interview  room,  after 

that  attitude,  enthusiasm,  and  the  ability  to  self-adapt  are  absolutely  essen-

tial,  that  culture  of  acceptance  to  change  is  now  being  driven  throughout  the 

Industrial  community. 

One  of  the  hardest  nuts  to  crack  is  supply  chain,  as  large  manufacturers 

are  driving  digitalisation  hard  to  increase  productivity,  for  most  large  manu-

facturers  a  highest  %  of  their  manufacturing  is  actually  in  the  supply  chain. 

This  is  where  real  value  can  be  gained,  by  engaging  with  supply  chains,  secure 

machine  to  machine  real-time  connectivity  throughout  flexible  supply  chains 

will  rapidly  accelerate  the  introduction  of  customisation,  increasing  product 

value  to  meet  customer  demands,  and  thus  productivity. 

Siemens  are  collaborating  with  partner  organisations  such  as  NVIDIA  to 

develop  the  Industrial  Metaverse  integrating  Photorealistic  Simulation  with 

Industrially  proven  physics  based  models. 

So  where  is  the  value  of  the  Industrial  Metaverse  you  may  ask,  well  the 

utopia  for  Product  Development  and  Manufacturing  is  to  completely  eliminate 

prototyping,  in  other  words  the  first  product  you  produce  is  your  final  produc-

tion  unit,  the  first  time  you  switch  your  real  manufacturing  line  on,  it  works 

first  time  without  any  hitches.  This  is  where  immersing  product  designers  and 

production  engineers  into  a  common  Industrial  Photo  Realistic  environment 

will  bring  the  factory  to  their  fingertips  without  any  fear  of  trying  new  things 

and  making  mistakes.  Secondly,  once  the  Industrial  Metaverse  is  developed 

and  proven,  further  process  optimisation  or  product  design  features  will  be 

incorporated  and  proven  at  an  accelerated  rate.  Furthermore,  AI  will  be  able 

to  autonomously  adapt  the  process  to  increase  productivity  and  quality  before
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pressing  the  button  to  seamlessly  migrate  changes  to  the  Real  World.  All  of 

this  will  allow  the  leaders  in  this  space  to  bring  products  to  the  market  quicker 

than  their  competitors  with  the  highest  quality. 

Professor  Alan  Norbury,  Chief  Technologist,  Siemens  plc  Digital 

Industries 

If  we  look  back  10  years,  the  amount  of  digitization  at  shop  floor  was  quite 

minimal.  Cyber  Physical  Systems  was  not  a  term  that  many  people  could  relate 

to  in  2012.  Today  things  have  really  changed.  Digital  technologies  are  being 

used  in  manufacturing  all  over.  Industry  4.0  has  become  a  commonly  used 

term  and  technologies  like  IOT,  AI  and  ML,  Robotics,  3D  Printing  and  Cloud 

Computing  are  changing  the  Manufacturing  at  a  pace  never  seen  before. 

As  I  see  over  next  10  years,  role  of  digital  in  manufacturing  will  be  huge,  I 

see  3  distinct  reasons  for  that: 

(a)  Evolution  and  maturity  of  Digital  technologies 

(b)  Evolution  of  a  digital  savvy  workforce 

(c)  Shortage  of  manpower 

From  a  technology  standpoint,  as  I  see  DARQ—Distributed  Ledger  Technolo-

gies  (Technology  behind  Blockchain),  Artificial  Intelligence  (AI),  Extended 

Reality  (XR)  and  Quantum  Computing—and  technologies  like  Metaverse, 

Wearables  coupled  with  widespread  adoption  of  5  G  (or  6  G,  7  G/8  G  as 

the  case  may  be)  and  Inexpensive  data  storage  with  increased  computing 

power  will  completely  change  the  look  of  manufacturing.  To  overcome 

shortage  of  manpower,  Autonomous  robots;  Autonomous  warehouse  systems; 

Autonomous  vehicles;  Drones  will  become  mainstream  in  manufacturing  and 

these  will  leverage  data  using  sensors  (be  it  light  sensors,  audio  sensors,  temper-

ature  and  other  sensors)  and  using  AI/ML  algorithms  and  Cloud  computing 

analyze  real-time  situations,  adapt,  and  react  without  human  intervention. 

Digital  twin—creating  virtual  replica  of  any  assembly  line,  factory  or  partic-

ular  equipment,  or  even  supply  chain—will  be  used  extensively  by  organi-

zations  for  optimizing  production  lines  and  layouts,  quality  and  operational 

performance  as  simulating  real  world  environment  ahead  of  physical  deploy-

ments  for  enhancing  cost  effectiveness  and  efficiency.  I  feel  companies  will  be 

able  to  use  Metaverse  for  Digital  twins  in  next  few  years. 

Supply  chain,  logistics  and  inventory  management  which  is  one  if  the  major 

pain  points  of  many  organizations  and  this  area  will  also  see  much  more 

digitization  using  technologies  like  IOT,  RPA,  AI/ML  to  eliminate  the  need 

for  human  interference  and  increase  visibility  and  reduce  process  errors  and
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improve  efficiency.  Usage  of  technologies  like  Augmented  and  Virtual  Reality 

(AR/VR)  in  manufacturing  would  become  very  prevalent  with  organizations 

using  AR/VR/Metaverse  for  product  design,  helping  workforce  in  warehouses, 

plant  Maintenance,  training  etc.  Last  but  not  the  least,  manufacturing  organi-

zations  would  be  focusing  a  lot  on  2  other  aspects  where  digital  technology 

will  play  a  big  role—Sustainability  and  Cybersecurity. 

Vijay  Sethi,  Digital  Transformation  and  Sustainability  Evangelist 

In  effect,  this  brings  us  to  ‘digital  manufacturing,’  it  is  an  emerging  ecosystem  that 

encompasses  an  integrated  array  of  technologies,  processes,  and  models.  It  may  also 

be  termed  as  a  synergistic  culmination  of  different  interdisciplinary  areas,  ranging 

from  business  strategy  to  mathematical  and  engineering  models  that  provide  the 

necessary  theoretical  and  technological  underpinnings. 

A  key  premise  of  our  book  is  that  the  scalability  of  new  technologies  requires  the 

entire  ecosystem  to  be  economically  viable;  hence,  after  a  broad  overview  of  manu-

facturing,  the  initial  part  of  the  book  focuses  on  technological  details  underpinning 

the  advanced  manufacturing  systems  (AMSs),  including,  for  example,  cyber-physical 

systems  and  digital  twins. 

Business  models  indicate  how  an  organization  would  deliver  value  to  its 

customers,  and  how  it  can  make  a  customer  perceive  that  value.  A  common  busi-

ness  model  paradigm  is  that  of  servitization;  for  instance,  with  companies,  such  as 

Rolls  Royce,  Airbus,  and  ABB  delivering  advanced  services  (Baines  et  al., 2017). 

Servitization  essentially  offers  multiple  advantages,  including  improved  response  to 

customer  needs,  increased  barriers  for  competition,  and  new  revenue  streams  that 

could  potentially  increase  revenue  and  profit  growth  (Baines  &  Shi, 2015).  Given  the focus  of  our  book,  next,  we  explore  the  different  ways  in  which  advanced  manufacturing  systems  can  actually  be  implemented  in  businesses  and  the  industry  at  large. 

Also,  contained  are  how  different  tradeoffs  can  actually  be  evaluated  mathematically 

(e.g.,  tradeoff  arising  in  the  level  of  servitization,  in  designing  platforms,  and  in 

detailed  shop-floor  layout). 

Given  the  various  technologies  and  stakeholders  involved,  various  contextual 

factors  would  determine  the  likelihood  of  an  AMS  adoption.  For  example,  the  cost, 

quality,  and  reliability  offered  by  a  particular  AMS  stakeholder  would  inform  us 

whether  they  could  fulfill  the  service  levels  that  have  been  agreed  to  by  the  parties 

involved.  Besides,  such  internal  factors,  external  environmental  issues,  like  human-

resource  and  infrastructural  (e.g.,  network)  capabilities,  along  with  legal  and  cultural 

aspects  would  also  come  into  play.  Hence,  generally,  the  adoption  of  a  technology 

is  not  a  binary  event.  Rather,  it  is  a  process  in  terms  of  the  number  of  adopters 

within  an  organization,  industry,  or  country.  Thus,  the  last  part  of  the  book  brings 

out  case-studies,  cross-country  comparisons,  and  a  framework  to  evaluate  readiness 

for  advanced  manufacturing. 
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We  called  for  papers  from  leading  experts  around  the  world.  Thus,  we  believe  that 

this  book  includes  a  good  mix  of  academics  with  practitioners  to  capture  theory  as 

well  as  practice.  Notably,  the  contributions  reflect  current  research  and  developments, 

as  well  as  future  trends  and  thinking.  An  overview  of  these  contributions  is  given 

below. 

Chapter  2:  History  and  Future  of  Manufacturing 

Technological  innovations  have  consistently  stimulated  the  industrial  revolution, 

which  provided  various  challenges  and  opportunities  in  the  manufacturing  sector. 

This  chapter  discerns  the  significant  historical  waves  that  helped  in  tracing  the  trans-

formations  seen  in  manufacturing.  With  this  as  a  foundation,  this  chapter  provides  an 

understanding  of  the  current  trends  and  the  possible  future  manufacturing  scenarios 

with  four  primary  areas  of  industrial  systems. 

Chapter  3:  Development  of  Technological  Systems 

This  chapter  covers  the  development  of  digital  technologies  from  Industry  3.0  to 

the  Cyber-Physical  Production  System  (CPPS),  with  a  special  focus  on  the  various 

components  of  CPPS,  its  key  enabling  factors,  and  the  role  of  humans  in  CPSS.  This 

chapter  also  discusses  the  barriers,  challenges,  best  practices,  and  the  scope  for  future 

development  in  implementing  smart  manufacturing. 

Chapter  4:  Digital  Manufacturing 

Motivated  by  the  need  for  digitalization,  this  chapter  focuses  on  three  key  technolo-

gies  underpinning  digital  manufacturing:  Digital  Twins,  Additive  Manufacturing,  and 

the  Internet  of  Things.  The  functionality  of  each  technology  and  its  combination  are 

presented  in  detail.  Additionally,  the  potential  gap  between  R&D  and  implementation 

has  also  been  identified. 

Chapter  5:  Business  Models  for  Additive  Manufacturing:  A  Consulting  Services 

Perspective 

Consulting  firms  are  helping  companies  today  in  their  endeavors  for  digital  trans-

formation,  with  the  Implementation  of  Additive  Manufacturing  (AM),  serving  as 

one  of  the  cornerstones  in  this  process.  This  chapter  provides  an  overview  of  an 

emerging  business  model  for  AM  and  illustrates  the  perspective  of  the  consulting 

service,  using  the  business  model  canvas  framework.  It  also  discusses  the  current 

AM  Implementation  challenges,  as  well  the  scope  for  future  direction  for  consulting 

services. 

Chapter  6:  Servitization  in  the  digital  era 

Holistically  speaking,  this  chapter  provides  a  strategic  servitization  framework, 

focusing  on  the  transformation  of  the  business  model  into  an  operating  model. 

Specifically,  it  encompasses  a  break-even  analysis  for  estimating  the  profitability 

in  servitization  with  a  real  example.  Additionally,  it  discusses  the  implications  for 

organizational  design,  and  technological  requirements,  and  presents  four  practical 

recommendations  for  servitization. 
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Chapter  7:  Manufacturer’s  Decisions  for  Sharing  Products:  Challenges,  Opportunities,  and  Optimal  Strategic  Plan 

Manufacturers’  product-sharing  platform  policy  must  be  competitive  to  stand  with 

third-party  product-sharing  businesses.  The  policy  needs  to  have  an  optimal  decision 

for  entering  the  product-sharing  market.  In  line  with  this  point,  this  chapter  provides 

an  analytical  framework  with  a  basic  mathematical  formulation  to  deal  with  various 

decision-making  issues  when  a  manufacturer  establishes  its  product-sharing  plat-

form.  Herein,  a  case  study  is  solved,  and  the  strategic  implications  and  decisions 

arising  therefrom  are  discussed. 

Chapter  8:  A  Study  on  Mathematical  Models  for  Transforming  the  Job-Shop  Layout into  Flow-Shop  Layout 

This  chapter  proposes  a  Mixed  Integer  Linear  programming  (MILP)  model  for 

solving  the  problem  of  transforming  a  job-shop  layout  into  a  flow  shop  layout;  it 

has  mainly  been  done  through  the  introduction  of  additional  machines.  This  trans-

formation  helps  in  automating  the  flowline,  which  is  one  of  the  cornerstones  of 

digital  manufacturing.  This  chapter  also  compares  the  developed  MILP  model  with 

the  existing  model  for  the  special  case. 

Chapter  9:  Cross  Country  Comparative  Analysis  of  Digital  Manufacturing  Systems This  chapter  provides  a  cross-country  analysis  of  six  leading  manufacturing  countries’  digital  manufacturing  strategies.  An  inductive  digital-orientation  framework 

is  used  for  the  analysis.  The  future  manufacturing  characteristics  of  these  coun-

tries  are  compared  and  contrasted  with  one  another.  Moreover,  this  chapter  also 

describes  the  important  implementation  of  digital  manufacturing  in  these  countries 

with  suggestions  for  future  direction. 

Chapter  10:  Toward  a  Standard  Framework  for  Organizational  Readiness  for 

Technology  Adoption 

This  chapter  presents  the  common  patterns  of  readiness  assessment  from  various 

industries  through  a  systematic  literature  review.  A  General  Readiness  Assessment 

Framework  for  Technology  Adoption  (GRAFTA)  has  been  constructed  based  on  the 

theory  of  everything  and  multi-criteria  decision-making  (MCDM)  techniques. 

Chapter  11:  Case  studies  of  implementation  approach  to  assessing  and  evaluating digitalization  readiness 

This  chapter  reveals  both  the  benefits  and  challenges  of  manufacturing  firms  in 

digital  implementation,  by  using  multiple  semi-structured  case-study  interviews  on 

ten  identified  themes.  The  authors  herein  have  created  a  digitalization-readiness 

indicator  based  on  the  understanding  from  case-studies  and  literature  review.  This 

chapter  also  highlights  the  impact  of  the  COVID-19  pandemic  on  the  digitalization 

of  manufacturing  firms  today. 
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Chapter  12:  Smart  Factories  and  Indian  MSME 

This  chapter  addresses  the  challenges  faced  by  the  Micro,  Small,  and  Medium  Enter-

prises  (MSME)  in  implementing  smart  manufacturing  systems.  Hereby,  ten  chal-

lenges  are  identified  based  on  literature  review  and  expert  discussions.  A  ranking  of 

these  challenges  and  the  inter-relationships  among  them  are  brought  out  by  using  the 

Fuzzy-ISM  (Fuzzy  Interpretive  structural  modeling)  framework  on  data  collected 

from  experts. 
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The  Evolution  of  Manufacturing 

Those  over  30  remember  well  the  crises  faced  in  the  last  decade  due  to  the  great 

recession.  It  is  still  alive  in  the  minds  often  in  the  skin  of  many  of  our  fellow  citi-

zens  when  in  a  short  time  the  financial  crisis—the  result  of  a  development  model 

dominated  by  a  strong  dose  of  greed  by  a  few—dramatically  transformed  into  a 

real  industrial  crisis,  with  multiple  factories  closed  and  innumerable  jobs  lost.  The 

crisis-hit  countries,  across  sectors  and  skills  leaving  scars  that  are  still  visible  today. 

The  memory  of  the  crises  and  the  complications  that  followed  remain  very  vivid 

to  the  reader,  at  least  to  those  who  remember  and  were  affected,  it  is  due  to  this 

traumatic  event  that  today—in  2020—world  manufacturing  is  alive,  and  still  scuttling 

to  rebound.  Many  of  the  phenomena  (trends)  that  manufacturing  companies  are 

fighting  to  tackle  now,  actually  began  during  this  period,  or  at  least  were  impacted 

at  some  level  due  to  the  economic  downturn.  Thus,  it  is  necessary  for  us  today  to 

observe  how—even  after  only  a  decade—the  collective  memory  tends  to  decrease 

(just  think  of  a  typical  university  student  of  today,  for  whom  the  “crisis”  is  little 

more  than  an  event  they  have  heard  about).  So,  it’s  always  good  to  remember  the 

past.  Like  all  crises,  difficult  times  can  also  bring  about  opportunities;  if  accepted, 

they  give  a  sense  of  clarity  to  our  actions,  both  individually  and  collectively.  For 

our  country,  one  point  of  clarity  that  we  found  from  the  crisis  was  to  understand 

the  enormous  importance  of  the  industrial  manufacturing  sector.  Industrial  “manu-

 facere”  is  a  fundamental  part  of  the  collective  well-being  for  global  economic  value. 

C.  Sassanelli  (B) 

Department  of  Mechanics,  Mathematics  and  Management,  Politecnico  di  Bari,  Via  Orabona  4, 

70125  Bari,  Italy 

e-mail:  claudio.sassanelli@poliba.it 

M.  Taisch  ·  S.  Terzi 

Department  of  Management,  Economics  and  Industrial  Engineering,  Politecnico  di  Milano, 

Piazza  Leonardo  da  Vinci  32,  20133  Milan,  Italy 

©  The  Author(s),  under  exclusive  license  to  Springer  Nature  Singapore  Pte  Ltd.  2023 

13

R.  K.  Amit  et  al.  (eds.),  Advances in Digital Manufacturing Systems, 

https://doi.org/10.1007/978-981-19-7071-9_2 

14

C. Sassanelli et al. 

Over  70%  of  world  trade  is  directly  linked  to  industrial  activities,  and  over  60%  of 

job  positions  are  linked  to  the  manufacturing  sector.  Data  collected  by  the  World 

Bank  showed  that  the  manufacturing  sector  alone  contributed  to  the  GDP  growth  by 

about  20–40%  for  global  industrial  powers  (WMF, 2019). 

Therefore,  the  great  recession  of  2008  (and  subsequent  years),  immediately 

impacted  manufacturing  companies  with  a  decline  in  performance  and  profitability, 

resulting—unfortunately—in  the  failure  of  many  companies  that  had  been  prosperous 

for  decades.  This  weakening  of  the  sector  was  subsequently  offset  by  a  growing  desire 

to  innovate  on  the  part  of  companies  that  survived  to  better  compete  in  a  new  economic 

environment.  In  recent  years,  one  could  see  how  companies  that  were  able  to  survive 

the  crisis  have  actually  aligned  and  adapted  to  change,  increasing  their  competitive 

capacity  in  the  European  and  global  context.  The  archetype  of  “excellent  medium-

sized  enterprises”  (Serio, 2017)  has  gradually  consolidated  on  the  national  scene.  A recurring  recipe  of  entrepreneurial  drive,  lean  organizational  models,  digital  transformation,  along  with  a  propensity  toward  foreign  markets  has  allowed  numerous 

companies  to  optimize  their  offerings  and  their  penetration  in  international  markets. 

Based  on  the  latest  statistical  data  (WMF, 2019)  and  taking  alarmism  with  moder-ation,  the  current  situation  seems  to  enjoy  an  increase  in  confidence  in  companies 

(+0.6%  in  the  last  year),  which  in  turn,  has  resulted  in  industrial  production  fluctu-

ating  slightly  above  zero,  even  if  the  prospects  for  the  last  half  of  2019  does  show  a 

slowdown  due  to  substantial  contraction  of  German  exports—with  which,  we  share 

entire  parts  of  the  global  industrial  supply  chains;  add  to  that  the  ongoing  tariff  war 

between  the  US  and  China.  In  this  ever-evolving  scenario,  it  has  been  challenging 

for  the  manufacturing  sector—with  difficulty  and  not  without  a  bit  of  collective 

suffering—to  regain  their  global  space,  recovering  points  of  productivity  and  shares 

of  market,  almost  returning  to  pre-crisis  levels.  The  manufacturing  industry  today 

represents—as  in  the  past—a  conspicuous  part  of  the  collective  good  and  responds 

more  quickly  than  other  sectors  of  the  economy  at  the  national  level.  Without  letting 

ourselves  be  taken  by  easy  enthusiasm  or—worse—dramatic  anxieties  of  the  daily 

trend  of  the  global  economy,  we  cannot  refrain  from  supporting—loudly—the  thesis 

that  Italy  is  a  manufacturing  country  for  which  to  think  about  the  future  of  manufac-

turing  corresponds  almost  tautologically  to  thinking  about  the  future  of  Italy  itself. 

To  imagine  the  future  of  manufacturing,  it  is  thereby  necessary  to  start  from  the 

understanding  of  the  phenomena  that  currently  impact  (and  will  increasingly  have 

an  impact  in  the  future)  the  global  industry.  These  phenomena—many  of  which  orig-

inated  years  ago—are  usually  identified  as  paradigmatic  trends  in  the  manufacturing 

sector  (“manufacturing  trend”)  (Garetti  &  Taisch, 2012). 

2 

Global  Trends  in  Manufacturing 

The  world  is  experiencing  an  epochal  period,  with  radical  changes,  global  in  scope 

and  ever  evolving,  which  impacts  humankind  and  all  economic  actors,  be  they  nations
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or  companies.  To  understand  what  the  future  of  the  industry  may  be,  we  must  learn  to 

interpret  and  benefit  from  these  “mega-trends”  (Garetti  &  Taisch, 2012), including:

•  Population  growth,  increasing  urbanization,  and  displacement  of  entire  masses 

in  search  of  a  better  life  have  all  been  changing  the  structure  of  large  portions  of 

the  planet.  Above  all,  emerging  countries  have  been  the  ones  that  have  witnessed 

paradigm  changes.  China,  India,  and  large  portions  of  Africa,  along  with  several 

South  American  countries,  have  witnessed  a  significant  surge  in  populations, 

providing  a  younger  workforce  that  is  eager  to  free  themselves  from  poverty  and 

which  promises  to  be  an  untapped  consumer  market.  Urbanization  redesigns  are 

thereby  necessary  in  order  to  contribute  to  the  creation  of  sophisticated  consump-

tion  (i.e.,  houses,  cars,  food,  leisure,  etc.).  Countries  that  witnessed  the  first  indus-

trialization  process  grew  old  not  only  in  words  but  also  in  deeds  and  infrastructure. 

Life  expectancy,  which  has  increased  globally,  is  expected  to  cover  almost  33% 

of  the  populous  being  65  years  of  age  or  older  by  2050.  This  phenomenon  would 

characterize  many  countries  and  in  particular  developed  countries.  For  example, 

according  to  studies  developed  by  the  United  Nations’  Industrial  Development 

Organization,  50%  of  the  European  population  would  be  over  50  years  old.  This 

would  radically  change  society,  lifestyles,  needs,  and  consumption.  For  example, 

the  demand  for  food  resources  is  expected  to  increase  by  35%  by  2030. 

•  The  indiscriminate  exploitation  of  finite  natural  resources  (e.g.,  fossil  fuels, 

drinking  water,  rare  earths,  ferrous  materials,  etc.)  predicated  by  the  myopia  of  a 

model  of  cynical  consumerism  could  generate  dangerous  social  shortages,  which 

in  turn,  would  increase  disparities  amongst  populations,  fermenting  social  insta-

bility  and  creating  unpredictable  fluctuations  in  the  cost  of  raw  materials  (The 

Ellen  MacArthur  Foundation, 2013). According  to  the  United  Nations’  Interna-

tional  Resource  Panel  (International  Resource  Panel, 2017), a  dramatic  future 

scenario  is  anticipated,  whereby  there  would  be  a  three-fold  increase  in  terms 

of  primary  resource  extraction,  reaching  a  value  of  about  140  billion  USD  by 

2050.  Importantly,  one  has  to  bear  in  mind  that  greater  the  global  consumption, 

the  higher  would  be  the  demand  for  resources,  cascading  onto  higher  price  rise 

across  all  commodities. 

•  Pollution  produced  by  uncontrolled  human  activities  has  been  showing  its  impact 

on  climate  change,  creating  thereby  significant  human  and  financial  costs  (Euro-

pean  Commission, 2007, 2017a). Global  CO2  emissions  are  expected  to  rise  by roughly  50%  over  the  coming  decades.  Without  being  carried  away  by  apocalyptic 

scenarios,  one  cannot  fail  to  note  how  events,  induced  by  unscrupulous  environ-

mental  policies  have  become  more  relevant  now,  threatening  thereby  a  possible 

blockage  of  entire  economic  cycles. 

These  phenomena,  combined  with  a  profound  revision  of  the  economic  chess-

board,  whose  control  center  has  been  increasingly  moving  from  the  West  “to  the 

East”,  along  with  other  emerging  countries,  now  these  countries  are  eager  to  leverage 

their  economic  power,  for  obvious  demographic  reasons,  to  direct  world  develop-

ment.  With  an  increase  in  global  wealth,  even  if  poorly  distributed,  there  has  been 

a  progressive  satisfaction  of  basic  needs,  which  have  given  way  to  more  complex
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needs.  In  advanced,  as  well  as  emerging  economies,  the  profiles  of  demand  and 

consumption  have  now  structurally  changed,  forcing  thereby  an  adaptation  of  the 

forms  of  supply  and  production  as  outlined  in  the  “market  trends”  presented  below:

•  Modern  consumer  demands  have  shifted  from  standardized  mass-produced  prod-

ucts  to  personalized  and  tailor-made  products,  capable  of  satisfying  an  intrinsic 

need  at  an  individual  level.  This  shift  in  consumer  demands  has  become  visible 

across  different  sectors  of  the  industry,  particularly  in  the  automotive  market, 

which  offers  multiple  variants,  as  well  as  to  manufacturers  in  the  world  of 

electronics  and/or  fashion  (Piller  &  Kumar, 2006; Piller  &  Stotko, 2002). 

•  The  market  (both  mass  and  target  with  high  economic  power)  is  constantly 

looking  for  novelty.  Obsolescence  is  not  just  a  technological  issue,  but  rather 

a  complex  phenomenon,  in  which  needs  for  self-esteem,  presumed  and  real  tech-

nical  modernization  are  combined.  Continuous  innovation  is  an  essential  condi-

tion  for  maintaining  and  strengthening  the  competitive  position  of  a  company 

(Porter  &  Heppelmann, 2014). 

•  Possession  is  no  longer  the  only  possible  formula  for  the  use  of  an  asset  (Tukker, 

2004).  Consumption  models  are  largely  being  based  on  pay-per-use,  rental, 

leasing,  and  other  usufruct-based  models,  which  have  appeared  across  sectors 

throughout  the  world.  This  phenomenon  of  growing  servitization,  simultaneously 

linked  to  a  change  in  personal  consumption,  has  been  creating  new  propositions 

that  are  radically  different  from  behaviors  that  were  previously  seen.  It  has  been 

proven  today,  that  the  new  urbanized  generations  have  a  lower  propensity  to 

acquire,  and  a  greater  focus  on  sharing,  which  effectively  orients  them  toward 

“service”  consumption  profiles.  Even  in  the  more  traditional  sectors,  servitization 

does  transform  spot  revenues  into  recurring  ones.  For  instance,  from  the  machine 

tool  in  hourly  leasing,  to  the  photocopier  paid  for  by  number  of  photocopies,  to 

“Software  as  a  Service.” 

•  The  exploitation  caused  by  a  hyper-consumerist  model  has  been  a  well-known 

topic,  not  only  in  the  existent  traditional  industrialized  countries,  but  also  in  new 

and  emerging  economies.  Except  that  there  are  no  simple  solutions.  Thus,  it 

is  necessary  to  observe  how  demand  trends  that  favor  sustainable  and  greener 

ways  of  producing  and  marketing  are  consolidating  to  meet  new  expectations  and 

consumer  behaviors.  Importantly,  both  consumers  and  producers  today,  demand 

that  products  and  services  are  more  ecological,  with  less  pollution.  There  has  been 

more  consideration  for  recycling  and  reuse;  for  example,  ecological  cars,  organic 

food,  sustainable  fashion,  and  even  green  manufacturing,  among  others.  Sustain-

able  Development  (WCED, 1987), coupled  with  green  and  Circular  Economy 

(The  Ellen  MacArthur  Foundation, 2013), Fair  Trade,  Social  Responsibility 

are  some  of  the  common  models  today,  that  companies  are  adopting,  both  for 

marketing  reasons  and  for  social  creed. 

In  parallel  to  these  global  and  market  trends,  it  is  necessary  to  point  out  the 

enormous  paradigm  of  continuous,  fast,  and  unstoppable  technological  evolution. 
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After  hundreds  of  years  of  evolutionary  rhythms  close  to  stagnation,  in  the  last 

century,  technological  development  has  reached  speeds  never  recorded  in  the  history 

of  humanity.  This  is  true  on  all  fronts,  from  production  techniques  to  materials,  from 

biosciences  to  information  technology,  all  of  which  have  drastically  changed  our 

lives. 

3 

The  Historical  Waves  of  Manufacturing 

Technological  innovation  is  considered  one  of  the  main  headwaters  of  modern  civi-

lization  and  economic  development  (Nelson, 2002).  The  integration  between  inventions  and  innovations,  i.e.,  between  scientific  progress  and  the  applications  of  tech-

nological  inventions  to  economic  activity,  represents  a  strategic  way  for  humanity 

to  cope  with  the  population  outburst  (Coccia, 2014), along  with  the  inevitable  inter-twined  depletion  of  resources  (Rosa  et  al., 2020). Indeed,  the  resources  being  limited, returns  from  lands  and  mines  are  naturally  diverging  to  a  slowdown,  with  the  risk 

in  the  future  to  bring  to  the  arrest  and  finally  to  the  decline  of  productive  growth 

(European  Commission, 2011, 2020). 

Since  the  beginning  of  the  modern  industrial  development,  at  the  half  of  the 

eighteenth  century,  periods  of  around  half  a  century  followed  one  another,  each 

one  marked  by  at  least  one  great  innovation  (Xu  et  al., 2018).  Four  main  industrial revolutions  contributed  to  lead  the  entire  world  to  an  ever-growing  level  of  wellness,  thrust  by  improvements  of  production  systems’  effectiveness,  efficiency,  and 

productivity.  In  fact,  each  of  them  has  been  characterized  in  terms  of  energy  source 

introduced,  main  technical  achievement,  developed  industries,  transport  means,  and 

challenges  (Prisecaru, 2016).  The  first  half  of  the  eighteenth  century  saw  first  industrial  revolution  that  took  place  in  England,  based  on  the  use  of  coal  as  the  main 

source  of  energy.  Coal  enabled  the  introduction  of  the  steam  engine,  and  thus,  began 

the  process  of  mechanization  of  production.  This  revolution  triggered  a  switch  from 

a  feudal  farming-based  society  to  a  capitalist  industry-based  one,  changing  in  the 

process,  the  textile  and  steel  industrial  landscape  in  terms  of  employment,  value  of 

output,  and  capital  invested  (Xu  et  al., 2018). At  the  same  time,  it  also  contributed to  trigger  and  gradually  lighten  employees’  activities  and  efforts,  converging  the 

post-industrial  society  into  the  so-called  service  economy  (Stahel  &  Reday-Mulvey, 

1981).  The  Second  Industrial  Revolution  was  conventionally  made  starting  from 

1870  with  the  introduction  of  electricity  and  chemicals.  Later,  in  1900,  it  had  an 

even  stronger  impact  with  the  advent  of  the  internal  combustion  engine,  and  the 

consequent  increase  of  the  use  of  oil  as  a  new  energy  source.  This  resulted  in  rapid 

industrialization,  using  both  oil  and  electricity  as  key  energy  sources  (which  appeared 

alongside  coal)  to  power  mass  production.  Notably,  the  automobile  industry  was  one 

of  the  most  dynamic  in  this  context. 

Subsequently,  in  the  second  half  of  the  twentieth  century,  the  Third  Industrial 

Revolution  took  place  starting  from  developed  countries  in  the  west.  The  birth  of
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electronic  systems  and  information  technology  (IT)  brought  about  a  series  of  transfor-

mation  processes  of  the  productive  structure,  and  more  generally,  the  socio-economic 

fabric,  based  on  automation  of  production.  The  Third  Revolution  was  character-

ized  by  a  strong  push  toward  technological  innovation  (closely  linked  to  the  birth 

of  computers,  robots,  the  first  spacecraft,  and  satellites)  and  consequent  economic 

development.  Starting  from  the  1980s  and  1990s,  it  also  involved  the  rest  of  the 

world,  in  particular  China  and  India. 

It  also  has  to  be  said  that  from  the  innovations  coming  with  the  Third  Industrial 

Revolution  (mainly  programmable  logical  controllers),  the  digital  age  broke  out. 

Indeed,  even  if  initially  automation  was  a  big  improvement  (since  making  things 

involved  screwing  or  welding  lots  of  parts  together),  that  was  only  the  premise  to 

the  switch  toward  today’s  Fourth  Industrial  Revolution  bringing  with  itself  technolo-

gies,  such  as  additive  manufacturing  (with  three-dimensional  (3D)  printing)  directly 

connected  to  computer-generated  product  design.  Notably  today,  both  in  the  produc-

tion  and  organizational  fields,  digital  technologies  are  progressively  affecting  the 

epochal  turning  point  toward  Industry  4.0. 

The  start  date  of  the  Fourth  Industrial  Revolution  is  still  in  progress  and  only  after-

ward  will  it  be  possible  to  indicate  which  is  the  founding  act.  The  term  Industry  4.0 

(I4.0)  was  first  introduced  in  2011  by  Kagermann  et  al. (2011),  and  has  been  linked  to some  of  the  recent  developments  in  production  processes  and  their  automation.  I4.0  is 

a  very  broad  domain  that  includes  production  processes,  efficiency,  data  management, 

relationship  with  consumers,  and  competitiveness,  among  others  (Piccarozzi  et  al., 

2018).  Indeed,  the  expression  I4.0  indicates  a  phenomenon  of  global  significance  that has  imposed  itself  in  the  sign  of  extensive  and  massive  digitization.  In  fact,  digitization  has  been  affecting  all  the  sectors  of  the  economy,  starting  right  from  production 

to  consumption,  from  transportation  to  telecommunications,  including  all  areas  of 

‘services’.  The  following  technologies  have  primarily  been  responsible  for  serving 

as  building  blocks  of  I4.0;  they  include  Big  Data  and  Analytics,  autonomous  robots 

and  vehicles,  additive  manufacturing  and  simulation,  augmented  and  virtual  reality, 

horizontal/vertical  system  integration,  the  Internet  of  Things,  Cloud  computing,  fog, 

edge  technologies,  along  with  Blockchain  and  cyber-security  (Rüßmann  et  al., 2015). 

Today,  I4.0  represents  a  very  important  industrial  paradigm  related  to  the  adoption  of 

all  these  digital  technologies  (Ing  et  al., 2019)  that  have  been  playing  a  strategic  role in  the  transition  and  key  development  of  more  intelligent  manufacturing  processes 

(including  devices,  machines,  modules,  and  products).  Shrinking  the  perspective 

on  IT  and  straddling  the  last  two  industrial  revolutions,  three  IT  waves  have  been 

detected  by  Porter  and  Heppelmann  (2014). They  gradually  transformed  competi-

tion  and  strategy,  reshaping  the  value  chains  and  turning  products  from  mechanical 

to  digital. 

If  we  were  to  look  at  the  evolution  of  industrial  revolution  in  detail,  we  note  that 

the  first  wave  (i.e.,  1960s  to  1970s)  was  linked  to  automation  of  individual  opera-

tions  (e.g.,  order  processing  and  CAD)  (Porter  &  Millar, 1985),  which  led  to  process standardization  and  productivity  enhancement,  driven  by  an  increasing  availability 

of  data.  The  second  wave  (i.e.,  1980s  through  1990s)  was  directly  connected  to  the 

advent  of  the  internet,  enabling  organizations  to  globally  coordinate  and  integrate
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activities  with  external  suppliers  and  customers.  Nevertheless,  these  two  waves  did 

not  directly  impact  the  products,  being  limited  to  mainly  shape  the  value  chains 

behind  them.  In  the  third  and,  so  far,  last  wave,  IT  has  been  embedded  and  integrated 

onto  the  product.  New  components  (e.g.,  sensors  and  processors),  paired  with  a  cloud, 

where  product  lifecycle  data  are  gathered,  enabling  thereby  new  functionalities  and 

performances.  Again,  the  introduction  of  these  products  in  the  market  has  gone  on 

to  impact  the  value  chain.  They  have  begun  to  transform  several  dimensions  and 

functions  (e.g.,  product  design,  marketing,  manufacturing,  and  after-sale  service) 

of  organizations,  and  have  created  a  need  for  new  activities,  such  as  product  data 

analytics  and  security.  Lorenz  et  al. (2016)  highlighted  that  the  most  required  roles in  the  future  would  be  related  to  data  management,  data  security,  software  development,  programming,  data  science,  and  analytics.  Therefore,  new  IT  waves  would  be 

triggered  in  the  following  years,  ushering  in  greater  innovation,  productivity  gains, 

and  economic  growth.  Nevertheless,  to  fully  exploit  the  benefits  of  I4.0,  seven  major 

categories  of  challenges  (including  data  management  and  integration,  knowledge-

driven,  process,  security,  capital,  workforce,  and  education)  need  to  be  coped  with 

(Ing  et  al., 2019). 

Today  we  are  experiencing  the  Fourth  Industrial  Revolution,  dominated  by  elec-

tronics,  air  transport,  and  atomic  energy.  With  this  revolution,  there  is  again  an 

acceleration  and  diffusion  of  the  innovation  process,  flanked  by  a  growing  scientific 

progress  and  applications  of  inventions  to  economic  activity.  In  many  developed 

countries,  the  growth  of  employment  in  services,  for  instance,  has  been  accompa-

nied  by  a  decline,  first  relative  and  then  also  absolute,  of  employment  in  industry. 

This  led  to  talk  of  servitization  of  manufacturing  (Neely, 2008; Paschou  et  al., 2020; 

Vandermerwe  &  Rada, 1988)  that  allowed  organizations  in  focusing  on  higher-margin services,  integrated  to  products,  creating  superior  competitive  advantage  (Bigdeli, 

2016;  Breidbach  &  Maglio, 2016). Many  manufacturing  companies  today,  have been  facing  commoditization  of  offering,  and  intense  competition,  which  has  been 

attracted  by  the  possibility  to  differentiate  themselves  from  competitors  while  intro-

ducing  product-related  services  in  their  traditional  portfolio  (Ostrom  et  al., 2015). 

Notably,  this  change  in  their  offering  has  been  due  to  the  modification  of  consumer 

behaviors,  along  with  their  increasing  interest  in  companies’  services  (Baines  et  al., 

2013;  Rexfelt  &  Hiort  af  Ornäs, 2009). 

As  a  result,  manufacturers  are  changing  their  business  models  by  delivering 

Product-Service  System  (PSS)  by  incorporating  service-related  activities  in  their 

value  proposition  (Goedkoop  et  al., 1999).  Nowadays,  this  shift  cannot  be  analyzed without  considering  the  role  of  technological  innovation  in  product,  process,  and 

service  (Ardolino  et  al., 2017).  New  technologies,  and  in  particular,  the  digitalization  with  services  have  changed  the  traditional  paradigms  characterizing  services, 

such  as  perishability  and  inseparability  (Holtbrügge  et  al., 2007). Furthermore,  the introduction  of  technology  in  the  product  and  service  offering,  while  opening  new 

business  opportunities  and  creating  new  forms  of  customer  integration,  demands 

not  only  new  capabilities  and  competencies  (Lerch  &  Gotsch, 2015), but  also  new methods  and  tools  to  adequately  integrate  them  since  the  development  phase  of  their 

lifecycle  (Pezzotta  et  al., 2018;  Sassanelli  et  al., 2018,  2019a). 
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 3.1 

 How  Did  Industry  4.0  Come  to  Be 

Global  trends  impact  nearly  all  economic  operators,  from  individuals  and  businesses 

to  cities  and  supranational  institutions.  These  social,  cultural,  and  technological 

transformations  can  impact  every  sector  and  enhances  human  ingenuity,  changing 

the  balances  and  comparative  advantages  between  nations  and  economic  sectors 

throughout  the  world  at  large.  This  process  of  continuous  transformation  is  as  unstop-

pable  as  human  progress  itself,  requiring  individuals  and  companies  to  be  aware  of 

how  these  changes  impact  their  lives. 

In  traditional  industrialized  countries  (Europe,  America,  Japan),  global  trends 

have  a  direct  impact  on  overall  competitiveness.  The  “advanced  world”  is  called  to 

find  complete  and  organic  answers  to  global  phenomena,  requiring  them  to  be  aware 

of  this  changed  competitive  context.  Beyond  the  ethical  commitments—which  should 

exist  for  the  inhabitants  of  the  “first  world”—it  is  a  question  of  a  strict  international 

“survival”  policy,  whose  responses  would  determine  the  conditions  of  future  gener-

ations.  The  visions  of  a  mere  service  or  capital  company,  which  have  pervaded  the 

last  two  decades  of  evolution  of  the  western  sector,  have  clearly  presented  their  salty 

recipe.  There  can  be  no  economy  based  on  bureaucracy  or  finance  alone.  All  people 

maintain  their  livelihoods  based  on  their  ability  to  do  things,  on  their  ingenuity,  and  on 

their  ability  to  create  value  for  others.  As  economists  now  teach—themselves  over-

whelmed  by  the  great  recession  of  2008—there  can  be  no  wealth  without  creative 

capacity.  The  creative  capacity  is  a  set  of  production  factors,  which  transform  ideas 

and  inputs  into  outputs  with  work  in  which  consumers  recognize  a  value.  Not  surpris-

ingly,  the  ability  to  produce  is  called  “manufactory”  (manufacturing),  from  the  Latin 

“manu facere,”  “made  with  the  hands.” 

It  is  based  on  this  vision,  that  the  manufacturing  sector  today  is  globally  recog-

nized  as  an  area  capable  of  generating  comparative  competitive  advantages,  for  indi-

vidual  companies  and  entire  nations.  Policymakers  within  many  of  leading  industri-

alized  countries  have  understood  this—after  the  cold  shower  of  the  2008  crisis—that 

socially  and  economically  adequate  development  cannot  exist  without  advanced, 

innovative,  sustainable,  and  clean  manufacturing.  From  this  observation,  numerous 

industrial  policy  initiatives  have  been  conceived,  such  as  “Industry  4.0”  which  was 

launched  by  the  German  Federal  Government  (born  in  2011,  first  in  Europe)  (Kager-

mann  et  al., 2011),  or  the  “Smart  Manufacturing  Alliance”  (born  in  2011  alongside of  the  manufacturing  re-shoring  strategy  promoted  by  the  Obama  presidency),  the 

“Industrie du Futur”  proposal  promoted  by  the  French  government  in  2014  (Euro-

pean  Commission, 2017b), Italy’s  “Industry  4.0  Plan”  of  2016  (later  renamed  “Enterprise  4.0”  in  2017)  (Ministero  dello  Sviluppo  Economico, 2017), the  most  broad Digitizing  Europe  plan  promoted  by  the  latest  European  Commission  (Digitizing 

European  Industry, 2017),  the  five-year  plan  Made  in  China  2025  in  the  People’s Republic  of  China,  and  so  on.  Beyond  the  operational  details,  these  initiatives  are 

united  by  a  common  vision  to  have  a  modern  manufacturing  sector,  updated  with  the 

most  advanced  technologies,  capable  of  intercepting  the  needs  of  the  markets,  while 

helping  to  provide  answers  aligned  with  global  trends,  to  build  and/or  maintain  a
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competitive  position  in  the  global  economy.  In  other  words,  these  are  synthetic  initia-

tives,  according  to  which,  digital  technologies  above  all  are  a  driving  force  to  enable 

manufacturing  companies  to  increase  their  operational  efficiency  and  their  coopera-

tion  regarding  resources  (machines,  plants,  but  also  people  and  information),  whether 

they  are  internal  to  the  factory  or  distributed  along  the  supply  chain.  The  synonyms 

used  to  describe  these  concepts  are  different:  Industry  4.0,  Smart  Manufacturing, 

Future  Factory,  Digital  Manufacturing,  Intelligent  Factory,  Connected  Factory,  etc. 

Beyond  the  name,  the  objective  of  Industry  4.0  is  to  create  increasingly  effi-

cient  production  systems  that  use  different  information  and  digital  technologies  to 

increase  productivity,  allocation  of  resources  (machines,  plants,  but  also  people), 

and  the  effectiveness  of  innovation.  Thanks  to  the  efficiency  increases  facilitated  by 

these  technologies  through  the  integration  of  production  systems,  there  could  be  an 

increase  of  roughly  30%  (WMF, 2019)  in  regards  to  the  phenomenon  of  re-shoring, i.e.,  bringing  production  activities  back  to  their  own  country.  In  fact,  the  intuition 

of  Industry  4.0  is  that  of  being  now  at  the  frontier  of  a  new  industrial  revolution,  in 

which  digital  technology  has  become  an  important  factor  in  aggregate  productivity, 

given  the  pervasiveness  that  it  has  now  reached  with  the  emergence  of  the  Internet 

network.  The  exponential  growth  in  computing  capacity,  the  disruptive  connectivity 

of  systems,  the  interoperability  of  technological  paradigms,  the  increased  poten-

tial  of  virtualization  and  modeling  are  all  factors  of  the  new  digital  development 

environment,  which  in  turn,  opens  up  new  scenarios  for  adopting  Information  Tech-

nology  to  the  world  of  operations  and  manufacturing  in  particular,  from  its  more 

standard  meanings  (collaborative  environments,  management  information  systems, 

etc.),  to  more  advanced  solutions  (e.g.,  robotics,  artificial  intelligence).  The  term 

“Industry  4.0”  identifies  the  emerging  industrial  paradigm,  based  on  the  pervasive 

use  of  digital,  connected,  and  interoperable  technologies.  As  a  holistic  term,  Industry 

4.0  integrates  multiple  concepts  in  one  digital  and  physical  environment.  Through 

a  high-level  paraphrase  of  this  concept,  it  is  customary  to  say  that  modern  industry, 

thanks  to  recent  digital  evolutions,  is  now  facilitating  a  new  industrial  revolution, 

the  fourth,  which  is  characterized  by  digital  and  hyper-connected  systems.  Like  the 

three  previous  industrial  revolutions—the  mechanical,  automatic,  and  electronic— 

Industry  4.0  promises  significant  productivity  recoveries,  and  like  the  previous—in 

the  coming  years  will  involve  substantial  changes  to  the  macroeconomic  structure, 

contributing  to  the  redefinition  of  the  industrial  competitive  scenario,  including  new 

losers  of  the  global  economy. 

At  the  same  time,  Industry  4.0  represents  different  aspects  of  previous  revolutions. 

First  of  all,  from  a  technological  point  of  view,  Industry  4.0  is  not  a  revolution 

enabled  by  the  functionality  of  a  single  technology,  but  rather  is  possible  due  to  the 

complementary  use  of  a  series  of  technologies  (generically  defined  as  “digital”)  that 

have  reached  a  level  of  maturity  as  to  guarantee  not  only  a  new  way  of  doing  industry, 

but  also  of  doing  business.  Second,  the  rapid  time  frame  in  which  the  transformation 

is  taking  place;  if  in  fact  the  previous  revolutions  have  had  a  development  equal  to 

that  of  an  average  life  of  a  person,  Industry  4.0  is  much  faster,  more  immediate,  more 

instantaneous,  and  therefore  even  more  risky  (if  not  educated,  or  poorly  understood). 
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 3.2 

 Where  Will  Industry  4.0  Take  Us 

At  the  moment  Industry  4.0  is  still  a  somewhat  futuristic  vision,  the  road  is  in  any 

case  planned,  and  technological  integration  is  gradually  becoming  reality,  one  proto-

type  and  one  project  at  a  time.  The  impacts  of  this  evolution  have  yet  to  manifest 

themselves  in  their  entirety,  but  it  is  already  possible  to  identify  the  macro-categories 

of  activities  and  problems  that  technological  evolution  is  starting  to  change,  with  the 

related  cost/limit  and  benefit/result  dimensions. 

In  this  chapter,  we  have  the  opportunity  to  go  into  detail  on  the  technologies  of 

Industry  4.0,  to  be  able  to  have  the  objective  elements  on  which  to  build  scenarios  for 

their  adoption  that  we  consider  relevant  for  industrial  systems.  However,  we  can  now 

identify  at  least  four  areas  of  impact  for  Industry  4.0:  (i)  products,  (ii)  production 

and  logistics  processes  and  systems,  (iii)  business  models,  and  (iv)  job  skills. 

3.2.1

Products  4.0 

The  first  area  that  the  evolution  of  4.0  is  impacting  is  in  the  creation  of  goods 

and  products,  aligned  with  the  current  revolution.  Industry  4.0  is  primarily  a  ques-

tion  of  “Products  4.0”,  goods  connected—through  various  technical  solutions—to 

the  network  (Porter  &  Heppelmann, 2014). Machines  connected  to  a  network  and remotely  monitored,  whereby  the  logistics  and  handling  systems  are  traceable,  the 

tools  automatically  equipped  at  the  setup  to  change,  motors  that  can  be  controlled  in 

their  operating  status  with  a  tablet.  The  equipment  involved  are  “assets  4.0”  safety 

devices  that  check  the  health  conditions  of  an  operator  and  alert  machinery  to  the 

presence  of  man,  maintenance  and  technical  assistance  instructions  for  industrial 

equipment  communicated  when  needed  on  the  operator’s  terminal,  smartwatches  that 

warn  those  responsible  for  a  machine  outage,  etc.  All  this  is  now  particularly  made 

possible  by  IoT  technology  (Al-Fuqaha  et  al., 2015;  Gigli  &  Koo, 2011; Paiola  & Gebauer, 2020), which  is  an  extensively  established  reality,  with  billions  of  objects connected  to  the  network,  which  has  now  changed  the  habits  of  many  of  us. 

Creating  “Products  4.0”—or  “Smart”—is  not  a  painless  and  immediate  step,  and 

various  precautions  and  revisions  would  be  required  in  the  process  of  creation,  design, 

and  engineering  the  same.  In  addition  to  the  hardware  side  (including  electronics),  in 

the  “4.0  Products”  it  is  also  necessary  to  think  about  the  development  of  the  software 

side  that  accompanies  a  connected  object.  Smart  products  are  complex  systems, 

and  as  such,  they  must  be  designed,  using  multidisciplinary  skills  and  developments 

aimed  at  the  user  experience.  The  harmonization  of  hardware  and  software  design  is  a 

complicated  activity,  which  requires  a  combined  management  of  the  two  development 

processes,  hardware,  and  software.  At  the  same  time,  the  ability  to  collect  large 

databases,  and  put  them  online  raises  a  relevant  question  on  the  management  of 

intellectual  property,  on  data  privacy  and  on  data  security,  as  incidents  related  to 

cybercrime  have  begun  to  show  us.  Having  said  that,  it  is  impossible  not  to  notice 

that  today,  constant  connectivity  is  becoming—or  already  is—a  “sine  qua  non”  for
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millions  of  users;  and  investment  in  4.0  connectivity  technologies  seems  to  be  almost 

an  obligatory  step  for  industrial  companies,  looking  for  original  competitive  levers. 

It  is  anticipated  that  companies  that  do  not  invest  in  these  technologies  would  risk 

seeing  their  market  shares  erode  and,  consequently,  suffer  from  reduce  revenues 

and  profits,  until  their  survival  is  undermined.  Manufacturing  Italy  must  be  able 

to  manage  this  impact,  enriching  its  commercial  and  technological  offer  with  “4.0 

products.” 

3.2.2

Processes  4.0 

The  second  major  area  of  impact  is  industrial,  production,  and  logistic  processes  and 

systems.  Several  digital  technologies  are  changing—one  step  at  a  time.  For  instance, 

factories  and  distribution  networks  as  we  know  them  are  migrating  from  3D  printing 

to  collaborative  robotics,  from  simulation  to  data  analytics.  Industry  4.0  processes 

must  be  streamlined,  with  high  added  value  and  without  waste.  The  techniques 

for  continuous  improvement—nowadays  known  to  most  as  Lean  techniques—have 

had  the  opportunity  to  show  their  organizational  and  operational  efficiency.  Modern 

digital  technologies  do  not  question  the  efficiency  vision  that  has  evolved  over  the 

last  half  century,  but  rather,  they  lend  additional  support.  The  technologies  of  4.0 

today  support  the  generation  of  new  ideas  and  means  to  reduce  procedural  ineffi-

ciencies.  They  do  not  provide  shortcuts  to  managerial  and  operational  inability,  but 

instead  offer  powerful  tools  for  improvement.  Any  Industry  4.0  project  should  first 

undergo  a  serious  review  of  the  processes  and  practices  in  place,  in  order  not  to  run 

into  the  potential  sin  of  creating  “digitization  of  waste.”  Digital  4.0  technologies—if 

well  managed—however  allow  it  in  various  operational  areas  (i.e.,  from  production 

to  logistics,  from  maintenance  to  quality). 

3.2.3

The  Business  Models  of  the  4.0  Era 

As  mentioned  above,  the  combined  use  of  multiple  4.0  technologies,  combined  with 

a  strong  awareness  of  market  orientation,  would  inevitably  lead  to  the  creation  of  new 

business  models.  The  last  decade  has  shown  us  that  new  economic  players  need  to 

emerge,  basing  their  competitive  advantage  on  digital  technologies.  Entire  sectors  of 

services  have  recently  changed  thanks  to  the  digital  revolution  (Paschou  et  al., 2017; 

Pirola  et  al., 2020)  greatly.  Think  of  the  residential  sector  or  public  mobility,  whose largest  operators—which  did  not  exist  before  the  economic  crisis—have  based  their 

success  on  the  pervasive  use  of  the  network  and  digital  connection  tools. 

In  particular,  smart  products  and  systems—enabled  by  the  combination  of  IoT, 

cloud,  and  analytics  technologies—are  changing  the  scenario  of  the  economic  offer, 

changing  in  the  process,  even  the  consumption  profiles  of  entire  portions  of  the 

market.  Connected  objects  allow  consumers  to  have  access  to  new  high-value  services 

(location,  location,  consumption,  use,  pay-per-use,  etc.)  and  at  the  same  time,  allow 

companies  to  change  their  methods  of  offering  to  the  market  (from  seller  of  parts  and
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components  to  service  providers,  activities,  up  to  the  role  of  exclusive  partner).  All 

of  this  is  happening  in  different  contexts,  from  consumer  products  to  durable  goods, 

from  B2B  to  B2C.  Old  phenomena  (such  as  car  sharing)  find  new  life  and  vigor, 

while  new  uses  and  customs  spread  (from  the  Smart  Home  to  the  Smart  City). 

In  the  manufacturing  sector  we  must  expect  similar  change,  with  a  push  toward 

economic  models  of  servitization  and  strong  personalization.  Already  some  of  the 

classic  manufacturing  contexts—the  traditional  manufacturers  of  machine  tools  and 

special  transformation  goods—are  facing  the  first  experiments  of  modifying  their 

business  model,  from  those  who  offer  remote  control  and  remote  assistance  activities 

and  services,  to  those  who  come  to  pay-per-use  for  “good  hours  of  production”  made 

by  their  own  machinery  at  the  customer,  to  the  “Manufacturing  as  a  Service”  of  the 

first  exclusive  3D  printing  manufacturers  who  supply  the  finished  part  from  the  3D 

CAD  model  in  24/48  h.  All  this  is  posing  new  challenges  to  economic  actors,  called 

to  understand  the  technological  and  behavioral  transition  underway,  and  to  find  their 

own  space. 

3.2.4

The  Needed  Skills  in  the  4.0  Era 

The  ongoing  technological  evolution  is  certainly  posing  new  challenges  to  the 

productive  resource  per  excellence:  man.  New  technologies  offer  new  means  and 

new  ways  of  operating,  not  always  within  the  reach  of  most  understanding.  We  are 

convinced  that  only  a  company,  capable  of  combining  the  capacity  for  innovation, 

managerial  competence,  and  an  effective  and  efficient  operational  activity  would 

be  able  to  take  total  advantage  of  the  opportunities  enabled  by  the  fourth  industrial 

revolution  (Sassanelli  et  al., 2019c). In  particular,  due  to  the  large  amounts  of  data generated  by  digital  technologies—in  various  forms—only  if  it  can  be  adequately 

interpreted  and  understood  by  the  human  actor  can  it  be  transformed  into  value  for  the 

business.  The  most  disruptive  dimension  of  Industry  4.0  technologies  lies  precisely 

in  the  enormous  “cognitive  potential”  that  will  become  available  to  humans  (Acerbi 

et  al., 2019). This  cognitive  potential  must  be  adequately  supported  by  educational and  cultural  skills  that  are  capable  of  combining  the  ability  to  understand  with  that 

of  using  technologies  (Lorenz  et  al., 2016).  For  these  reasons,  in  addition  to  skills, even  the  same  means  of  transmitting  knowledge  and  training  must  evolve  plausibly 

toward  more  experiential  and  applicative  forms. 

4 

Possible  Scenarios  for  Manufacturing  of  the  Future 

The  paradigm  of  Industry  4.0  has  significant  and  global  impacts,  as  its  diffusion  in 

the  global  economy  increases.  Even  at  the  risk  of  being  repetitive,  it  is  necessary  to 

emphasize  that  no  economic  actor  can  nowadays  be  excluded  from  this  transforma-

tion—which  is  cultural  and  digital  at  the  same  time—on  pain  of  exclusion  from  the 

market.  Italy  is  the  second  largest  manufacturing  country  in  Europe,  the  fifth  largest
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world  exporter  and  among  the  top  eight  global  economic  powers  in  the  world.  It 

is  important  for  manufacturing  companies  to  grasp—and  several  are  already  doing 

so—the  evolution  of  global  trends,  to  try  to  maintain  their  competitive  position  and 

at  least  continue  to  maintain  their  own  rate  of  human  and  social  development. 

The  experiences  gathered  on  the  global  scene—the  result  of  the  work  of  recent 

years  of  media  attention  and  institutional  planning—teach  some  key  principles,  points 

of  reference  that  are  sensible  to  share.  We  formulate  three  in  this  chapter:

•  Importance  of  systemic  and  technological  awareness.  To  respond  to  global  chal-

lenges,  economic  actors—companies,  but  also  institutions—must  be  aware  of  the 

need  to  create  ecosystems  (European  Commission, 2018)  and  their  technolog-

ical  capabilities.  The  latter  can  be  acquired  with  the  appropriate  attention  and 

dedication.  The  first  must  be  built  in  the  common  sense. 

•  Importance  of  having  the  right  skills  (Lerch  &  Gotsch, 2015).  There  is  a  lot of  discussion  on  how  skills  can  enable  and  support  the  smooth  integration  of 

technologies,  and  prepare  for  a  technological  transformation. 

•  Importance  of  clear  and  well-thought  planning.  Without  a  concrete  and  timely 

action  plan,  any  vision  would  be  destined  to  remain  difficult  to  understand,  and 

would  hardly  convince  people  to  devote  part  of  their  time  and  energy  to  obtaining 

it.  Industrial  change  must  be  intuitive,  not  suffered  though,  and  it  must  be  planned! 

The  entire  economic  system  must  take  on  this  need  for  clarity,  helping  economic 

actors  to  understand  the  transformations  underway,  supporting  the  sharing  of 

experience,  and  encouraging  changes. 

 4.1 

 The  Factory  as  a  “Good  Neighbor”  and  Actor 

 in  the  Development  of  the  Territory 

The  Factory  of  the  Future  will  be—as  it  often  is  in  Italy  today—an  active  player  in 

the  area  in  which  it  will  enter.  It  will  not  be  a  foreign  body  to  the  urban  context,  be  it metropolitan  or  provincial.  Today,  many  industrial  realities—often  SMEs  are  living 

actors  of  their  own  territory,  with  which  they  grow  in  synergy.  They  are  realities  that 

offer  logistical  and  operational  spaces  for  the  entire  good  of  a  local,  whether  it  is  a 

country  or  region  or  urban  area.  These  factories  offer  shared  services  and  carry  out 

a  real  social  action  to  protect  the  territories  and  the  liveliness  of  the  same. 

The  urban  archetype  of  the  “industrial  zone”  separated  from  the  rest  presented 

some  symptomatic  problems  with  the  crisis.  The  closure  of  factories  and  ware-

houses—built  in  the  peripheral  areas  according  to  the  urban  planning  approach 

typical  of  the  years  between  the  1970s  and  2000s—consequently  to  the  crisis 

presented  a  heavy  bill  to  various  urban  areas,  creating  areas  of  emptiness  and  no 

garrison  in  the  territorial  fabric.  Whereas  the  factory—obviously  modernized  under 

the  protection  of  health  and  the  environment,  as  well  as  logistical  accessibility—has 

coexisted  with  the  urban  fabric,  fewer  degradation  phenomena  have  been  generated. 

For  these  observations,  an  archetype  of  co-existence  between  industrial  and  urban
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fabric  appears  to  be  a  model  that  can  be  used  in  the  near  the  future.  A  factory  as  a 

“good  neighbor”  is  capable  of  generating  value  for  everyone,  putting  itself  in  synergy 

with  the  surrounding  environment.  For  example,  models  of  sharing  energy  power, 

construction  of  common  spaces  (e.g.,  parking  lots,  logistics  areas),  differential  use  of 

equipped  spaces,  are  already  a  reality  for  some  regions.  In  some  Northern  European 

countries,  this  co-existence  is  often  referred  to  as  “industrial  symbiosis”,  indicating 

that  industry  and  society  can  co-exist,  and  the  co-existence  with  urban  contexts  and 

social  co-existence.  In  the  shortage  of  space  that  distinguishes  our  narrow  and  long 

peninsula,  this  archetype  of  industrial  and  urban  co-development  is  of  significant 

interest,  however,  not  far  from  the  industrial  culture  (born  with  the  first  workers’ 

villages  at  the  end  of  the  nineteenth  century).  Plausibly,  this  model  of  Factory  of  the 

Future  is  not  such  as  to  have  a  direct  impact  on  the  economic  competitiveness  of 

companies.  In  fact,  we  do  not  expect  an  increase  in  turnover  because  of  a  different 

choice  of  territorial  location,  but  we  can  expect  a  series  of  lateral  benefits  in  the  life 

of  individuals  and  entire  regions,  which  can  translate  into  greater  productivity  and 

increased  social  value  in  the  near  future. 

Of  course,  the  archetype  of  a  factory  as  a  “good  neighbor”  requires  compliance 

with  the  rules  of  civil  behavior  that  make  co-existence  possible.  We  are  therefore 

taking  all  the  problems  of  structural  co-existence  to  be  resolved,  such  as  compliance 

with  environmental  impact  and  safety  standards.  We  no  longer  think  of  factories 

as  a  polluting  actor  (in  a  broad  and  physical  sense,  from  air  to  water),  but  we  take 

for  granted  the  fact  that  a  production  system  must  already  be  an  integral  part  of  a 

balanced  ecosystem,  respectful  of  environment  and  everyone’s  health  (from  operators 

to  citizens).  We  all  know  that  the  technologies  necessary  for  the  realization  of  this 

vision  exist  today  (at  least  in  most  production  situations),  as  are  also  active—in  our 

world  of  civil  and  correct  cohabitation—all  the  legislative  instruments  and  control 

mechanisms  to  make  it  possible. 

 4.2 

 The  Factory  as  an  Educating  and  Inclusive  Actor 

The  Factory  of  the  Future  will  be  called  to  carry  out  the  demanding  task  of  being  an 

educating  actor,  capable  of  transmitting  and  renewing  knowledge  and  “know-how” 

both  in  its  collective  (organizational)  and  individual  (worker)  dimensions.  Digital 

technologies  are  modifying  some  of  the  operating  modes  of  the  world  of  production, 

but  they  are  not  replacing  the  specificities  of  production  methods,  techniques,  and  the 

all-human  ability  to  manage  and  “shape  matter.”  Knowledge  of  production  materials, 

production  cycles,  and  processing  techniques  can  certainly  be  partly  historicized  and 

accumulated  in  information  systems,  but  much  will  be—as  it  is  today—in  people’s 

heads,  and  has  to  be  passed  on  to  future  generations. 

At  the  same  time,  a  Factory  is  a  complex  management  environment,  which  requires 

suitable  behaviors  and  attitudes  of  the  employees,  to  be  managed  effectively  and 

efficiently.  Even  these  softer  skills  must  be  conveyed  between  people  and  generations, 

while  respecting  the  rules  and  management  systems  that  must  be  constantly  updated
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(Lorenz  et  al., 2016).  The  most  appropriate  and  functional  environment  to  allow this  exchange  of  knowledge—both  technical  and  relational—can  only  be  “learning 

by  doing.”  This  is  already  happening  today,  but  in  the  future,  it  will  be  increasingly 

necessary  for  the  company  as  a  whole  to  become  fully  aware  of  this,  also  reflecting  on 

possible  reorganization  of  working  methods  and  spaces.  An  educating  factory  must 

be  an  open  factory,  capable  of  attracting  young  talents  (and  not  frightening  them),  a 

healthy  environment  in  which  to  operate,  a  socially  interesting  work  context.  It  must 

be  an  inclusive  environment,  respectful  of  the  needs  of  the  different  generations 

of  collaborators  and  of  cultural  diversity,  attentive  to  sustainability  in  its  various 

forms.  Thanks  to  this  inclusiveness,  the  Factory  of  the  Future  will  be  able  to  become 

an  educating  actor,  able  to  work  in  synergy  with  educational  institutions  (Schools, 

Universities,  Higher  Technical  Institutes)  and  with  the  community.  Perhaps  even  in 

this  scenario  will  not  increase,  but  both  inter  and  intra-generational  social  exchange 

will  greatly  improve,  along  with  the  collective  well-being.  This  in  turn,  would  bring 

with  it—as  a  natural  relationship  with  the  human  resource—greater  productivity, 

which  can  turn  into  a  competitive  advantage. 

 4.3 

 The  Factory  as  a  Pole  of  Constant  Creation 

 and  Innovation 

The  Factory  of  the  Future  must  be  a  center  to  support  constant  creation  and  innovation. 

This  is  an  archetype  that  we  have  found  today  in  many  of  the  excellent  Medium 

Enterprises  present  in  the  country,  which  compete  globally,  and  disseminate  their 

creative  ability  globally.  Italy,  for  instance,  is  not  the  country  of  “Design  in”  and 

of  fact  elsewhere  (as  other  nations  have  chosen  to  do),  but  it  is  intrinsically  the 

country  of  “Made  in  Italy”,  where  creative  and  design  skills  merge  with  the  ability 

of  “Knowing  how  to  do”,  and  of  “knowing  how  to  produce.”  This  is  valid  in  the 

numerous  companies  operating  on  contract  in  the  world  of  automation,  in  the  entire 

sector  of  food  production,  in  fashion  companies  able  to  combine  creativity  with  local 

craftsmanship  and  global  production  and  sales  volumes. 

The  Factory  of  the  Future  must  continue  to  be  this  continuous  space  of 

creation,  design,  experimentation,  realization,  and  improvement.  The  greatness  of 

our  country’s  factories  lies  in  the  ability  to  produce,  foster  creative  ideas,  and  carry  out the  most  ambitious  engineering  projects.  To  improve  creative  capacity,  the  Factory 

of  the  Future  would  adopt  digital  technologies  to  generate  more  ideas,  faster  and 

better  than  its  competitors  by  leveraging  experience  and  cultural  pride.  Informa-

tion  technology  and  automation  would  help  in  managing  greater  creative  capacity, 

consolidating  knowledge  thereby,  while  accurately  realizing  what  was  imagined.  To 

increase  its  innovative  capacity,  the  Factory  of  the  Future  would  be  representative 

of  a  hub  of  an  ecosystem  of  innovation,  open  and  ready  to  meet  the  needs  of  global 

customers,  whether  expressed  or  tacit.  The  Factory  of  the  Future  will  be  constantly
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striving  for  innovation,  constantly  pushing  toward  the  inventive  frontier  and  ready  to 

experiment  and  put  its  resources  to  work. 

The  greater  the  creative  capacity  is  the  better  the  Factory  of  the  Future  will  support 

continual  success,  allowing  it  to  play  the  competition  globally.  More  innovation  will 

allow  for  higher  sales,  higher  market  shares,  and  an  increase  in  a  competitive  position. 

 4.4 

 The  Circular  and  Sustainable  Factory 

When  considering  what  an  environment-oriented  innovation  factory  refers  to,  we 

begin  by  looking  at  the  various  “sustainable”  currents  applicable  to  factories.  Among 

the  most  diverse  that  exist  in  literature,  the  best  known  and  most  widespread  is 

reflected  in  the  paradigm  of  Circular  Economy  (The  Ellen  MacArthur  Foundation, 

2013),  which  in  a  manufacturing  context  can  be  better  identified  with  the  term 

“Circular  Manufacturing”  (Acerbi  &  Taisch, 2020). 

This  paradigm  aims  to  reduce  the  generation  of  waste—allowing  in  the  most 

extreme  case  to  achieve  zero  waste  throughout  the  product  life  cycle—reduce  the 

creation  of  pollutants  and  the  use  of  resources.  This  goal  has  already  in  many  instances 

been  possible  today  using  techniques  and  strategies  aimed  at  the  reuse  of  resources, 

such  as  energy  and  materials.  In  the  near  future,  we  can  expect  that  new  digital  tech-

nologies  would  be  able  to  further  support  the  use  and  management  of  data  and  infor-

mation  regarding  the  entire  life  cycle  of  assets  and  systems,  starting  from  conception 

and  design,  passing  through  the  engineering  and  production,  to  conclude  with  the 

management  of  the  end  of  life  in  terms  of  service  offered  and  reintroduction  into  the 

cycle. 

We  expect  the  Circular  Economy  to  lead  to  new  “regenerative”  business  models, 

in  which  the  life  cycle  of  assets  is  “closed”  in  a  systematic  manner  (Bocken  et  al., 

2014;  Rosa  et  al., 2019a).  However,  we  believe  that  all  this  can  only  happen  if  it  is properly  thought  out  and  designed  to  “close  the  circle”  and  allow  maximum  reuse 

of  resources  (Sassanelli  et  al., 2019b).  This  must  be  done  for  individual  products, which  must  be  designed  with  a  long-term  vision  (Sassanelli  et  al., 2020),  without  the use  of  pollutants  and  considering  from  the  outset  the  possible  scenarios  of  recycling, 

regeneration,  and  reuse  of  components  and  materials.  It  must  also  be  considered 

throughout  the  entire  production  system,  which  will  have  to  be  designed  in  a  similar 

way  to  be  reused  and  recovered.  It  will  be  necessary  to  think  of  ad  hoc  plants  for  the 

reuse  and  regeneration  of  components,  a  perspective  that  goes  beyond  the  mere  use 

of  industrial  waste. 

This  circular  and  sustainable  Factory  of  the  Future  will  go  hand  in  hand  with  the 

evolution  and  diffusion  of  business  models  oriented  toward  servitization,  in  which 

the  number  of  components  and  products  to  be  regenerated  and  reused  will  be  very 

plausibly  higher  than  the  narrow  number  of  units.  In  fact,  this  is  already  happening  in 

industrial  sectors  characterized  by  a  B2C  approach,  but  we  must  increasingly  expect  a 

transition  to  more  traditionally  B2B  sectors  (such  as  manufacturers  of  durable  goods, 

machinery,  and  industrial  equipment).  For  example,  in  the  Factory  of  the  Future, 
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the  production  of  machinery  and  industrial  facilities  will  plausibly  be  a  production 

environment  in  which  the  production  of  new  plants,  the  revamping  of  existing  plants, 

as  well  as  operating  methods  of  rental/rent/leasing  of  entire  plant  solutions  will  co-

exist.  In  this  scenario,  some  of  the  technologies  of  Industry  4.0  will  be  fundamental 

(Rocca  et  al., 2020; Rosa  et  al., 2020).  Among  all,  the  introduction  of  IoT  solutions for  sensorization  and  the  related  monitoring  of  systems  rented  by  customers  will  be 

a “conditio sine qua non”  through  which  to  enable  this  operation. 

A  Factory  of  the  Future  built  on  a  circular  model  will  be  more  sustainable, 

less  impactful,  and  conceivably  consuming  fewer  resources  with  a  lower  operating 

cost.  Products—especially  industrial  plants  and  durable  goods—offered  with  servi-

tization  archetypes  will  guarantee  constant  financial  flows  to  those  who  can  make 

them  commercially  viable  (Rosa  et  al., 2019b).  Market  shares  will  tend  to  polarize economic  actors  incapable  of  managing  the  entire  life  cycle  of  assets.  Resource 

productivity—if  properly  governed—can  only  benefit  from  a  more  leveled  division 

of  activities  and  less  subject  to  the  typical  peaks  of  demand  for  goods  offered  for 

mere  consumption. 

 4.5 

 The  Cognitive  and  Hyper-Connected  Factory 

The  joint  use  of  multiple  digital  technologies  of  Industry  4.0—in  particular  IoT, 

cloud,  machine  learning,  and  advanced  automation—will  allow  the  creation  of  a 

new  way  of  “making  a  factory”,  based  on  an  enormous  processing,  computational, 

connective,  and  cognitive  inference.  It  will  be  a  more  aware  manufacturing  process, 

where  large  datasets  will  be  available—coming  from  connected  machinery,  unstruc-

tured  information  collected  from  the  network,  feedback  collected  in  real-time  from 

customers—will  allow  the  development  of  adaptive  strategies  and  the  making  of 

objectified  decisions.  Operators  will  increasingly  become  decision  strategists,  while 

simple  operation  will  be  delegated  to  self-adapting  and  semi-autonomous  produc-

tion  systems.  The  cognitive  and  hyper-connected  factory  will  be  an  intelligent 

meta-system,  in  which  humans  will  cooperate  with  machines,  to  achieve  greater 

productivity,  avoid  waste  and  guarantee  the  quality  of  processes  and  products. 

The  following  elements  are  expected  to  form  the  backbone  of  this  Factory  of  the 

Future  (listed  in  order  of  plausible  occurrence):

•  Collaborative  and  servitized  manufacturing.  The  adoption  of  IoT,  cloud,  and 

digital  and  automated  production  technologies  already  allows  the  creation  of 

network  production  resources  from  different  operators,  large  and  small.  This  envi-

ronment  can  be  transformed  into  a  portal  and  a  new  channel  for  customers,  who 

can  then  access  it  to  rent,  book,  and  reserve  production  capacity.  As  in  an  electronic 

marketplace,  a  customer  can  therefore  order  a  certain  production  and  comfortably 

receive  the  products  made  at  home.  Companies  involved  in  this  network  will  gain 

new  access  to  markets,  often  making  their  supply  chains  more  global.  In  the  near 

future,  with  the  expansion  of  the  use  of  the  network  as  a  connecting  factor,  this  way
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of  producing  will  be  able  to  create  a  real  model  of  “Manufacturing  as  a  Service”, 

based  on  the  collaboration  between  several  actors,  even  independent  ones,  and 

oriented  to  bring  the  best  results  to  the  end  customer.  The  status  of  a  production 

order  will  be  constantly  updated  thanks  to  the  connected  resources  and  customers 

will  have  transparent  visibility  of  production  and  logistic  progress. 

•  In  connected  and  intelligent  production  systems,  productive  resources  would  be 

networked  and  would  react  and  self-adapt  to  the  requests  of  other  resources,  both 

productive  and  logistic.  The  systems  themselves  would  be  able  to  carry  out  self-

diagnosis  on  their  operation  and  may  require  maintenance  interventions,  both 

toward  operators  and  toward  other  automated  resources. 

•  Intelligent  optimization  of  limited  resources;  by  combining  data  and  information 

from  resources,  operators,  plants,  and  customers,  cognitive  manufacturing  will 

optimize  the  use  of  limited  resources,  maximizing  their  productivity.  Machines 

can  be  used  at  maximum  productivity  with  minimum  consumption  of  energy 

resources.  Operators’  shifts  can  be  optimized,  also  balancing  their  demands  for 

organizational  well-being  (breaks,  waits,  training  periods,  etc.). 

•  Self-adaptive  operational  processes—thanks  to  the  collection  of  terabytes  of  data 

from  machines,  machine  learning,  and  artificial  intelligence  techniques  would  be 

able  to  identify  recurring  patterns  in  the  use  of  systems.  This  would  enable  antic-

ipating  problems;  for  example,  by  resorting  to  predictive  maintenance  logic—as 

well  as  to  identify  optimal  solutions  not  normally  pursued  in  the  plant  (for  example 

in  the  planning  and  scheduling  of  production). 

In  this  scenario  of  the  Factory  of  the  Future,  through  the  use  of  digital  technologies, 

productivity,  and  efficiency  would  be  drastically  improved,  enabling  companies  to 

build  comparative  medium-term  advantages,  with  an  increase  and/or  strengthening 

of  the  competitive  position  in  the  market.  The  safety  of  the  production  environment 

will  increase  and  the  added  value  of  operators  and  technicians  will  develop  with 

the  growth  of  new  skills.  The  new  production  and  commercial  strategies—oriented 

toward  a  servitized  model—would  modify  financial  flows,  drastically  changing  the 

division  between  investment  costs  (CAPEX)  and  operating  costs  (OPEX)  toward  the 

latter.  The  ability  to  focus  and  satisfy  the  needs  of  its  customers  will  be  a  distinctive 

success  factor. 

 4.6 

 The  Hyper-Personalizing,  Agile  and  Flexible  Factory’s 

With  the  internet  and  digital  services  becoming  a  part  of  every  aspect  of  daily  life, 

there  is  a  clear  shift  from  standardization  to  mass  production,  to  personalization 

through  automation  and  intelligent  manufacturing.  With  companies  becoming  more 

customer-centric,  the  customer  has  become  the  focal  point  for  how  manufacturing 

operations  are  designed.  The  market  demand  for  more  products  and  ad  hoc  solutions 

for  individuals  and  customers,  according  to  the  principle  of  individual  and  mass 

customization  would  increase.  The  use  of  digital  technologies  will  offer  great  support
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to  the  realization  of  this  market  archetype,  allowing  the  creation  of  highly  responsive 

and  flexible  production  environments,  which  will  be  able  to  produce  even  complex 

products  on  demand.  The  production  batch  will  tend  to  become  ever  closer  to  the 

single  unit  and  the  efficient  processes  of  the  “one-piece  flow”  will  be  the  reference 

production  method. 

The  hyper-customization  of  products  will  be  made  possible  through  the  ability 

to  obtain  in-depth  and  potentially  predictive  knowledge  of  customer  needs.  The 

machinery  and  production  resources  can  then  be  re-combined  along  the  production 

flow  to  create  the  required  product  variants  and  recover  the  necessary  materials  and 

components.  The  production  system,  with  its  productive  (machinery)  and  logistic 

(storage  buffer)  resources,  can  be  modified  in  real  time,  in  an  agile  and  flexible 

way,  in  order  to  maximize  the  productivity  and  flexibility  required  at  that  time  by 

the  market.  Additive  manufacturing  would  allow  the  individual  components  to  be 

produced  directly  from  digital  models,  just  in  time  to  be  used  in  the  production 

and/or  assembly  line.  The  advancements  of  automation  and  robotics  will  allow  the 

creation  of  a  production  system  that  is  easy  and  quick  to  re-adapt,  according  to  the 

principles  of  flexibility  and  production  agility.  In  addressing  the  customized  needs 

of  customers,  the  manufacturing  companies  of  the  future  will  be  able  to  develop 

customized  products  at  affordable  prices,  while  simultaneously  tailoring  products 

for  local  and  global  markets. 

Potentially  the  hyper-customizing  and  flexible  Factory  of  the  Future  will  be 

without  stocks  and  with  a  reduced  “Work  in  Process”  (WIP),  with  a  commercial 

and  production  flow  directly  drawn  by  the  customer,  who  will  be  given  complete 

transparency  on  the  progress  of  the  production  phases  and  logistics.  The  Factory 

of  the  Future  will  be  rapidly  reactive,  built  on  agile,  flexible,  lean,  and  potentially 

predictive  operating  models,  which  will  be  able  to  rapidly  change  and  follow  the 

changes  in  market  conditions,  anticipating  customer  preferences  and  social  needs.  It 

will  therefore  be  a  factory  with  rapid  innovation  and  rapid  renewal. 

 4.7 

 The  Resilient  and  Reliable  Factory 

The  factory  of  the  future  will  be  reliable  and  resilient  to  global  risks.  It  will  be  tech-

nologically  built  on  the  archetype  of  a  resilient  connected  network  in  which  different 

resources  will  be  connected  and  are  capable  of  being  quickly  re-configurable.  It 

would  operationally  be  able  to  re-plan  its  production  capacity  to  realign  itself  to 

global  demand,  without  suffering  the  impact  of  interruptions  due  to  external  events. 

It  must  also  be  computerized,  with  the  enormous  amount  of  data  generated  that  must 

be  protected  from  any  risk  of  a  cyber-attack. 

To  achieve  this  vision,  the  Factory  of  the  Future  will  have  to  take  its  cyber  and 

information  security  into  consideration.  In  addition,  with  IoT’s  pushed  connectivity 

that  will  make  resources  and  people  from  around  the  world  interoperable,  potential 

sources  of  vulnerability  will  drastically  increase.  Similarly,  in  a  highly  competitive 

global  world,  threats  from  external  actors  would  increase.  The  Factory  of  the  Future
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must  be  protected  from  these  cyber-attacks  through  a  systemic,  not  a  localist  point 

of  view;  it  will  not  be  just  a  matter  of  protecting  some  computers  from  a  viral  attack, 

but  it  will  be  a  matter  of  defending  the  entire  industrial  network. 

To  establish  security  and  protection  mechanisms,  automatic  certification,  and 

protection  technologies  (cryptography,  blockchain,  etc.)  will  be  part  of  the  daily 

operation  of  a  resilient  and  secure  factory.  The  same  technologies  can  be  used  to 

certify  entire  districts  and  production  chains,  making  “Made  in”  a  safe  and  invio-

lable  brand.  Together  with  the  combined  use  of  digital  technologies,  manufacturing 

districts  will  find  new  governance  mechanisms  that  are  more  resilient  to  the  storms  of 

global  competition  and  more  adaptive.  A  company  will  be  simultaneously  involved  in 

multiple  commercial  chains,  distributed  at  a  global  scale,  and  would  be  able  to  change 

its  way  of  generating  value  according  to  the  constant  change  in  markets.  Also,  thanks 

to  this  adaptive  flexibility  of  the  supply  chain,  the  companies  of  the  future  will  be 

able  to  anticipate  the  threats  of  global  competition  based  on  mere  cost,  consolidating 

their  production  skills  and  abilities,  maintaining  a  multi-objective  competitiveness 

front  (for  example  by  combining  cost,  quality,  times,  innovation,  sustainability). 

These  resilient  and  flexible  mechanisms  will  turn,  increase  competitiveness,  which 

can  then  strengthen  their  global  trade  positions. 

5 

Conclusions 

Throughout  the  past  centuries,  manufacturing  has  played  an  important  role  in  society. 

Technology  innovations  have  triggered  industrial  revolutions  that  were  able  to 

push  human  welfare  to  new  levels  and  push  the  world  toward  sustainability,  both 

environmentally  and  economically/socially. 

This  chapter  has  presented  an  overview  of  manufacturing  transformation  through 

careful  consideration  of  the  historical  waves  faced  in  both  the  industrial  and  IT 

revolutions.  To  fully  understand  how  manufacturing  will  continue  to  evolve,  it  is 

necessary  that  we  become  more  diligent  and  thoughtful  in  how  things  are  managed 

and  implemented.  For  this  reason,  the  global  mega  and  market  trends,  i.e.,  those 

phenomena  that  have  affected  the  world  to  date  are  used  to  predict  and  anticipate 

how  things  will  function  in  the  future. 

The  Industry  4.0  paradigm  has  been  proposed  as  a  solution  to  these  trends,  and  as  a 

means  of  meeting  the  needs  of  the  ever-evolving  global  society.  Indeed,  this  paradigm 

has  been  envisaged  to  impact  at  least  four  main  areas  of  the  industrial  systems.  First, 

new  smart,  connected  products  are  already  proposed  into  the  market,  and  integrated 

and  bundled  with  data-driven  services;  however,  they  do  require  adequate  develop-

ment.  Second,  production  systems,  enriched  with  digital  technologies,  need  processes 

streamlining,  with  high  added  value  and  avoiding  waste.  Third,  new  business  models 

are  rising  to  foster  the  delivery  of  solutions  suitable  to  the  Industry  4.0,  Servitiza-

tion,  and  Circular  Economy  paradigms.  Lastly  how  new  competencies  and  skills 

(both  hard  and  soft)  will  be  developed  to  support  the  evolving  industrial  domain. 
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As  a  result,  several  scenarios  for  the  manufacturing  of  the  future  have  been  listed, 

exploring  the  roles  that  can  be  played  in  society,  vis  a  vis  the  importance  for  compa-

nies  to  maintain  systemic  and  technological  awareness,  the  right  skills,  and  a  clear 

and  well-focused  planning. 
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Developments  of  Technological  Systems 
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1 

Introduction 

This  chapter  informs  the  reader  on  digital  technologies  that  underpin  and  provide 

a  synergistic  impact  to  manufacturing  technologies  as  a  core  part  of  digital  manu-

facturing  systems  (DMS),  coupled  with  foundational  Industry  4.0  technologies.  We 

present  the  fundamental  digital  building  blocks  that  enable  developers  and  organi-

zations  to  create  and  implement  DMS.  Additionally,  we  focus  on  the  confluence 

of  both  hardware  and  software,  where  the  physical  and  digital/cyber  realities  tend 

to  converge.  The  goal  of  smart  manufacturing  is  to  enable  humans,  be  it  opera-

tors,  supervisors,  inspectors,  management,  and  anyone  involved  in  the  process,  from 

obtaining  the  raw  material  to  finally  shipping  to  customers. 

Smart  manufacturing  systems  are  composed  of  complex  hardware  components 

that  require  knowledge  in  embedded  systems,  electronics,  and  circuitry  knowledge 

on  one  side.  Quantum  computing  is  an  example  of  such  a  complex  hardware  system 

enabling  advancements  in  DMS  that  are  currently  being  researched,  and  employed  by 

innovative  companies,  such  as  Volkswagen  for  encryption  and  Artificial  Intelligence 

(AI)  applications. 

The  hardware  builds  both  the  foundation  and  limitation  for  the  digital/software 

components  that  are  integrated  in  the  interconnected  physical  systems  through  a 

variety  of  computer  networking  paradigms,  such  as  the  internet,  5G,  Wi-Fi,  long-

range  Bluetooth  and  more. 

To  enhance  the  performance  of  both  humans  and  machines,  within  such  a  smart 

manufacturing  ecosystem,  their  (humans  and  machines)  collective  intelligence  needs 

to  be  transferable  as  the  basis  for  future  machine  learning  and  AI  applications.  During 

this  digital  transformation,  the  overarching  goal  remains  focused  on  traditional 

metrics  used  to  measure  a  business.  Large  organizations  and  small- and  medium-sized
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enterprises  (SMEs)  alike  face  unique  challenges  during  the  adoption  of  smart  manu-

facturing  paradigms.  The  presence  of  underlying  digital  technologies  and  legacy 

systems  plays  a  major  role  as  both  enablers  and  barriers.  In  fact,  these  intelligent 

cyber-physical  production  systems  can  lead  to  transformations  in  service,  health, 

and  profitability  to  name  a  few.  Furthermore,  as  humans  are  an  integral  part  of 

this  transformation,  one  must  keep  in  mind  how  non-technological  transformations 

in  organizational  practices  could  also  help  increase  the  traditional  metrics  used  to 

measure  a  business’s  productivity,  profitability,  and  exceptional  service  to  customers. 

This  chapter  is  organized  as  follows:  first,  we  briefly  reflect  on  digital  technolo-

gies  and  their  impacts  on  society  and  manufacturing  (Sect. 2).  Then,  we  cover  the emergence  of  digital  technologies  on  the  manufacturing  shop  floor  during  the  third 

industrial  revolution  (Sect. 3). Section  4  builds  on  the  earlier  sections  by  presenting an  overview  of  cyber-physical  (production)  systems  and  digital  technologies  in 

Industry  4.0.  Section  5  addresses  questions  around  implementation  of  these  digital technologies  in  manufacturing,  and  Sect. 6  concludes  the  chapter. 

2 

Digital  Technologies  and  Systems  in  Society 

and  the  Manufacturing  Industry 

Digital  technologies  are  rapidly  and  radically  transforming  various  industries  and 

society  at  large.  At  the  same  time,  this  development  has  been  well-acknowledged  for 

its  positive  impacts,  such  as  increasing  access  and  democratizing  knowledge,  and 

feared  for  its  potential  threats  to  large-scale  unemployment.  While  the  true  impact  is 

yet  to  be  seen,  previous  transformations  have  not  led  to  the  often-feared  large-scale 

unemployment,  but  rather  to  changing  tasks  and  a  need  to  reskill  (Zou  et  al., 2020). 

Importantly,  it  is  imperative  to  understand  that  smart  manufacturing,  Industry  4.0, 

Society  5.0,  and  other  similar  initiatives  are  built  on  innovative  digital  technologies 

that  are  meant  to  help  users  or  operators  to  bring  about  disruptive  transformation  to 

traditional  organizations. 

In  essence,  participating  in  digital  transformation  is  no  longer  optional,  but  a 

matter  of  survival  in  a  competitive  marketplace.  Digital  systems  are  not  a  goal  in 

themselves  but  must  be  grounded  in  process  and  organizational  needs. 

Elon  Musk  for  instance,  admitted  that  Tesla  had  made  a  mistake  when  they  tried 

to  ‘over-automate’  their  production  line.1  As  a  result,  Tesla  faced  a  variety  of  problems,  including  severe  delays  in  production.  One  must  note  that  humans  are  still 

most  compatible  for  creative  and  problem-solving  tasks  while  the  current  automation 

solutions  are  ideally  suited  for  dangerous,  precise,  and  repetitive  tasks  (Wuest  et  al., 

2020).  Thus,  a  key  lesson  from  this  experience  is  to  not  simply  aim  to  replace  human operators,  but  utilize  these  disruptive  digital  technologies  to  evolve  human–machine 

teams,  thereby  leveraging  the  strength  of  both. 

1  https://www.cnbc.com/2020/09/16/why-amazon-warehouses-tesla-auto-plants-will-not-go-100 

percent-robot.html. 
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Digital  technologies  shaping  industry  and  society  are  manifold,  encompassing 

both  hardware  and  software.  Below,  we  discuss  three  exemplary  digital  technologies 

that  were  and  are  particularly  impactful.  First,  Additive  Manufacturing  (AM),  and  the 

associated  maker  movement  (Martin, 2015)  play  a  crucial  role  in  fostering  innovation and  entrepreneurship.  AM  is  a  digital-first  technology  that  bridges  virtual  and  physical  space,  and  has  been  driving  innovation  in  manufacturing,  engineering,  industrial 

design,  hardware  technology,  and  education.  Competing  strategically  through  service 

is  becoming  a  distinctive  feature  of  innovative  manufacturing  firms  in  whichever 

scale  they  may  be  (Grillo, 2018). NASA’s  Perseverance  rover, 2  which  landed  on Mars  on  Feb.  18,  2021,  carried  eleven  3D  printed  metal  parts  (Vigneshwaran, 2020). 

Continued  progress  and  research  in  AM  may  lead  to  the  ability  to  build  functional 

rocket  engines,  as  well  as  potential  outposts  on  the  Moon  and  Mars. 

Secondly,  Augmented  Reality  (AR)  is  a  digital  technology  that  provides  a  new 

and  natural  interface  between  users  and  digital  systems.  AR  is  being  successfully 

used  in  various  industries,  including  manufacturing  and  supply  networks.  AR  appli-

cations  encompass  training,  health  and  safety,  maintenance  and  repair,  product 

checks/quality  assurance,  complex  assembly,  and  plant  operations  management.  AR 

combined  with  AI  and  data  analytics  enables  smart  operators—called  Operator  4.0 

(Romero  et  al., 2016a). Different  instances  of  the  Operator  4.0  feature  enhanced analytical,  collaborative,  strength,  and  collective  intelligence  capabilities. 

Thirdly,  most  current  digital  technologies  rely  on  network  connectivity.  New 

communication  technologies  such  as  5G  alongside  prevalent,  constantly  upgraded 

protocols  such  as  Bluetooth,  Wi-Fi,  and  ethernet  are  the  lifeblood  for  the  ongoing 

digital  transformation.  Remote  monitoring  for  predictive  maintenance,  productivity 

or  energy  management  leading  to  more  profitable  and  sustainable  businesses  relies 

on  networked  connectivity.  5G,  as  one  of  the  newest  developments,  is  designed  to 

support  the  extremely  high  density  of  devices  and  interference  that  would  be  prevalent 

in  the  future  of  manufacturing  (Adib  et  al., 2019). 

When  viewed  individually,  these  technologies  have  already  shown  significant 

impact  and  promise.  However,  the  use  cases  arising  at  the  confluence  of  these 

advancements  are  the  harbinger  of  the  game  changing  digital  transformation. 

The  prevalent  hardware  and  software  systems  would  be  further  elevated  to 

become  even  more  important  utilities—or  necessities—in  future  smart  manufac-

turing  systems.  The  cognitive,  perceptive,  and  interactive  digital  technologies  that 

build  the  foundation  for  Industry  4.0  are  at  the  forefront  of  the  development  of 

integration  of  the  virtual  (cyber)  world  and  the  physical  reality  (Longo  et  al., 2020). 

While  implementing  these  technologies,  the  focus  is  always  on  traditional  metrics 

that  define  profitability  and  quality,  namely  defect  rate,  cost,  demand,  productivity, 

repeatability,  rates,  flexibility,  and  supply  chain  performance.  By  making  tasks  like 

inspections  more  efficient,  AI  lowers  costs  and  frees  up  human  inspectors’  time  to 

search  for  the  root  causes  of  defects  (problem  solve)  or  perform  other  higher-order 

value-adding  tasks. 

2  https://www.nasa.gov/feature/jpl/nasas-perseverance-rover-bringing-3d-printed-metal-parts-to-

mars. 
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The  foundational  digital  technologies—already  prevalent  or  still  evolving— 

would  be  discussed  in  the  following  sections.  Specifically,  we  shall  discuss  how  the 

implementation  of  these  practices  and  technologies  has  been  based  on  the  knowledge 

developed  over  the  last  decades  of  industrial  practice  (Industry  3.0).  Throughout  this 

chapter,  the  underlying  philosophy  is  that  these  digital  technologies  would  at  some 

point,  totally  disrupt  organizations.  We  want  to  stress  on  the  fact  that  the  focus 

during  this  transformation  is  always  the  business  performance  measured  in  terms  of 

the  traditional  metrics  mentioned  above. 

3 

The  Emergence  of  Digital  Technologies  on  the  Shopfloor 

and  Beyond—Industry  3.0 

Introducing  computers  and  automation  to  the  shopfloor,  with  innovations,  such  as 

Computer  Numerical  Control  (CNC)  ushered  in  the  3rd  Industrial  Revolution.  This 

stage  of  transformation  enabled  digitization  of  machines,  processes,  and  monitoring 

tools,  and  it  is  still  an  ongoing  process,  especially  on  MSMEs’  shop  floors  across 

the  world.  It  has  helped  in  building  the  foundation  for  most  of  today’s  smart  manu-

facturing  technologies.  Therefore,  we  need  to  first  understand  these  Industry  3.0 

technologies  before  focusing  on  Industry  4.0.  Below,  we  discuss  Industry  3.0  tech-

nologies,  standards  and  organizational  frameworks,  along  with  their  limitations,  and 

advantages. 

While  hardware  and  software  are  seen  as  interdependent,  we  address  how  the 

advancement  in  software  has  outpaced  the  advancement  in  hardware  within  DMS 

today.  Standards  have  been  devised  to  enable  cross  collaboration,  which  is  necessary 

for  both  the  hardware  and  software  systems  to  function  together,  irrespective  of  which 

company  makes  the  hardware  and  software. 

 3.1 

 Hardware 

The  industrial  robot  was  invented  by  Unimate  in  1961.  The  advent  of  CNC  machine 

tools  revolutionized  the  manufacturing  industry  by  allowing  for  a  programmable 

design  of  virtually  limitless  types  of  shapes  (Haggen, 1988). Tracing  the  history  of CNC,  John  T.  Parsons  is  credited  with  developing  the  first  numerical  control  system 

(Haggen, 1988). While  working  as  a  machinist  at  his  father’s  company  in  the  1940s, Parsons  began  working  on  innovative  ways  to  build  helicopter  rotors  for  the  nascent 

aerospace  industry.  Together  with  Frank  Stulen,  they  developed  a  method,  where  one 

machinist  would  share  the  coordinates  along  the  x,  y  axes  to  other  machinists,  who 

would  then  make  the  cut  on  the  metal.  From  there,  MIT  developed  punch  cards  that 

could  be  programmed  to  provide  fully  automated  machining  (Haggen, 1988). 
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CNC  systems  enabled  operators  to  deploy  and  replicate  programs  to  different 

manufacturing  systems  and  machine  tools  and  edit  them  in  a  GUI  using  a  standard 

that  is  well  documented  and  easily  accessible.  The  CNC  code,  representing  tool-

paths,  canned  cycles  of  common  operations,  and  auxiliary  system  controls  among 

other  things,  can  be  generated  using  CAM  software.  File  versioning  enabled  better 

change  management  when  engineering  changes  were  propagated  throughout  the 

supply  chain  and  product  lifecycle.  A  major  advantage  of  standardized  data  exchange 

for  CNC  is  addressing  the  issue  that  most  companies  have  proprietary  hardware  and 


software.  Thus,  bringing  about  interoperability  between  software  and  hardware  has 

been  challenging,  given  that  machine  tools  are  of  different  makes.  The  major  advan-

tage  and  innovation  here  was  that  a  standardized  G-Code  program,  developed  for  a 

milling  machine  made  by  company  A  could  be  reused  and  deployed  for  a  milling 

machine  made  by  company  B  with  only  minor  alterations. 

Gradually,  the  hardware  systems  started  relaying  important  data  about  manufac-

turing  operations.  These  standards  were  predominantly  proprietary  for  most  of  the 

recent  past.  Message  Queue  Telemetry  Transport  (MQTT)  for  instance,  was  a  stan-

dard  adopted  prior  to  OPC  (OLE  (object  linking  and  embedding)  for  Process  Control) 

Unified  Architecture  (OPC-UA)  and  MT-Connect,  both  of  which  are  prevalent  today. 

FANUC  still  offers  its  FOCAS-based  platform  as  well.  Notably,  both  OPC-UA  and 

MT  Connect  are  considered  key  enabling  technologies  for  Industry  4.0  (Lu  et  al., 

2020).  In  addition,  IGES/STL/STP  enabled  exchange  of  3D  geometric  data  and  the DMIS  format  allowed  transfer  of  measurements  data. 

These  standards  pertain  specifically  to  hardware  improvements  in  the  latest  gener-

ation,  while  the  ones  discussed  later  in  this  chapter  focus  on  macro-level  operations. 

Based  on  those  protocols,  we  can  harvest  data  from  the  CNC  machines  for  Industry 

4.0  use  cases  such  as  predictive  maintenance. 

CNC  systems  and  the  enabling  connectivity  protocols  built  the  foundation  for 

digital  transformation  on  the  manufacturing  shop  floor.  Robots,  Autonomous  Guided 

Vehicles  (AGVs),  and  Automated  Storage  and  Retrieval  Systems  (ASRS)  aided  CNC 

systems  for  carrying  out  various  additional  operations  seen  on  a  shop  floor. 

Selected  core  technologies  and  communication  protocols  within  an  Industrial  IoT 

scenario  (Romero-Gázquez  &  Bueno-Delgado, 2018)  are  Radio  Frequency  Identi-

fication  (RFID),  Bluetooth  Low  Energy  (BLE),  Modbus,  Controller  Area  Network 

(CAN  or  CAN  Bus),  Ethernet  for  Control  Automation  Technology  (Ether-CAT),  and 

Profibus/Profinet. 

 3.2 

 Software 

Digitization  is  only  successful  if  it  can  be  embraced  by  all  functions  of  the  business. 

Thus,  digital  solutions  in  DMS  encompass  design  (CAD—Computer  Aided  Design), 

simulation  (FEA—Finite  Element  Analysis),  manufacturing  preparation  (CAPP— 

Computer  Aided  Process  Planning;  CAM—Computer  Aided  Manufacturing), 

business  operations  (MES—Manufacturing  Execution  Systems;  ERP—Enterprise
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Resource  Planning),  supply  chain  management  (MRP—Material  Resource  Plan-

ning),  and  management  of  product  and  service  life  cycles,  from  design  to  decline 

(PLM—Product  Lifecycle  Management).  In  a  computer-integrated  manufacturing 

(CIM)  environment,  production  and  inventory  management  across  the  supply  chain 

can  be  initiated  by  a  design  change  in  the  CAD  system  (Heizer, 2016). 

Like  the  advances  in  hardware  discussed  in  the  previous  sub-section,  many  of  these 

software  applications  have  limitations  when  it  comes  to  interoperability.  However, 

today,  many  of  them  actively  support  API  integration  or  offer  a  whole  suite  of  products 

that  brings  all  of  the  computer  integrated  manufacturing  and  hardware  connectivity 

together.  Industrial  Internet  platforms  tend  to  be  more  open  than  previous  instances 

of  enterprise  software  (Menon  et  al., 2020). To  facilitate  this  transition  towards  more comprehensive  and  holistic  platforms,  many  providers  strategically  expanded  their 

portfolio,  either  through  inhouse  development  or  strategic  acquisitions.  For  example, 

Siemens  Teamcenter  PLM  alongside  NX  CAD/CAM  and  Mindsphere  showcase  the 

holistic  approach  taken  by  today’s  providers. 

 3.3 

 Organizational  Frameworks 

In  the  two  sub-sections  above,  we  discuss  separately  the  selected  hardware  and 

software  components  that  constitute  Industry  3.0.  Section  4  would  discusses  how the  confluence  of  these  software  and  hardware  technologies  enables  cyber  physical 

production  systems,  which  are  human–machine  teams;  and  how  they  will  empower 

the  transition  to  Industry  4.0.  In  addition  to  these  tools,  we  must  remember  it  is 

humans  who  operate;  and  thus,  these  systems  could  affect  the  productivity  and  well-

ness.  In  the  following  sub-sections,  we  discuss  how  new  paradigm  shifts  in  thinking 

about  processes,  supply  chains,  as  well  as  new  regulations  and  standards  actually 

affected  this  transformation. 

Historically,  Henry  Ford  envisioned  a  production  system  in  1913  that  was  later 

developed  by  Kiichiro  Toyoda,  Taiichi  Ohno,  and  others  at  Toyota  in  1930.  They 

called  it  the  Toyota  Production  System  (TPS).  Briefly  said,  the  focus  was  to  eliminate 

any  kind  of  waste,  bring  work  in  progress  to  near  zero  levels,  continuous  flow,  and 

have  more  of  a  pull  system  rather  than  the  traditional  push  system.  Thus,  the  name 

Lean  Manufacturing  came  about  (Wortman  et  al., 2014). 

Six  Sigma  can  be  easily  confused  with  lean  manufacturing  while  the  specific 

objectives  vary  (see  Table  1).  Toyota  still  leads  the  world  in  implementing  lean.  An example  of  this  is  the  use  of  the  Taguchi  Loss  Function,  which  in  addition  to  the 

measure  of  process  capability/performance,  helps  in  measuring  quality  output  of 

a  process,  while  linking  it  to  a  dollar  value.  Five  areas—namely  the  cost,  quality, 

delivery,  safety,  and  morale—are  measured  and  optimized  at  Lean  enterprises.  Mass 

production  radically  transformed  the  industry  prior  to  lean  manufacturing,  which  is 

not  seen  as  the  system  for  the  twenty-first  century. 

Implementation  of  digital  technologies  in  an  organization  can  be  considered  a  lean 

six  sigma  project.  The  business  could  start  with  assessing  the  outlook  and  the  future
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Table  1  Differences  between  six  sigma  and  lean  manufacturing  (Wortman  et  al., 2014) 

Topic

Six  sigma

Lean 

Justification

Six  sigma  (3.4  defects  per  million)

Speed  (velocity) 

Main  savings

Cost  of  poor  quality

Operating  costs 

Driver

Data

Demand 

Complexity

High

Relatively  moderate 

Basis

A  hypothesis  is  set.  Inputs  and  outputs 

Many  small  improvements  are  better 

and  how  they  are  measured  is  set.  The 

than  a  holistic  analysis  and  a  complete 

goal  is  to  reduce  variation 

transformation 

Tools

Hypothesis  testing 

Kaizen  events 

Pareto  charts 

Theory  of  constraints 

Control  charts 

Value  stream  mapping 

Design  of  experiments 

7+  wastes 

Improvement

Reduce  variation

Reduce  loss

path  of  the  organization,  and  based  this  on  the  evaluation  of  the  current  organiza-

tional  performance.  Then  the  capacity  for  both  change  and  disruption  in  systems  and 

environment  can  be  carefully  analyzed  before  making  build,  buy  or  partner  decisions 

to  implement  Industry  4.0  technologies. 

Currently  to  run  lean  six  sigma  projects,  an  individual  would  need  to  set  up  data 

streams  and  consider  disparate  systems  before  considering  how  their  interdependence 

affects  the  process.  Industry  4.0  technologies  built  on  the  foundation  of  Industry  3.0 

technologies,  can  make  these  organizational  best  practices  accessible  to  anyone  and 

everyone.  With  Industry  4.0  technologies  accessible,  issues  with  connecting  variables 

anywhere  in  the  supply  chain  and  problems  with  disparate  systems  would  be  minimal. 

The  Define,  Measure,  Analyze,  Improve  and  Control  (DMAIC)  approach  across 

all  processes  would  be  enabled  by  Industrial  Internet  of  Things  (IIoT)  and  process 

transparency  across  the  supply  network.  Just  In  Time  (JIT)  and  other  Supply  Chain 

Innovations  could  then  be  easily  implemented  and  tracked.  Autonomation  (automa-

tion  with  autonomy)  would  function  as  designed,  and  metrics  will  be  retrievable 

anywhere  in  the  world.  Implementation  of  standard  operating  procedures  would  be 

possible.  The  ability  to  do  hypothesis  testing  and  thus  continuous  improvement  with 

the  data  available  to  all.  The  failure  modes  and  effects  analysis  and  thus  risk  manage-

ment  would  be  more  informed  by  data  at  all  points  across  the  supply  chain.  Bottleneck 

analysis  and  solution  determination  for  original  equipment  manufacturers  (OEMs) 

would  be  possible  for  any  point  in  the  supply  chain.  Correlation  and  covariance 

analysis  on  metrics  that  span  the  supply  chain  would  be  possible.  Capability  and 

performance  measures  for  more  processes  would  be  available  for  more  intelligent 

planning. 

Design  for  excellence  would  be  supported  by  realistic  data.  Cause  and  effect  anal-

ysis  or  decision  trees  could  be  visualized  from  data  points  from  raw  material  up  to 

delivery  to  the  customer.  Additionally,  Big  Data  could  bring  up  the  interrelationship 

between  various  metrics  at  various  points  in  the  supply  chain.  It  also  brings  wastes
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recognition  and  elimination  from  the  supply  chain  and  the  processes.  Value  Engi-

neering  will  be  an  attainable  discipline  for  use  for  SMEs  and  everyone  in  the  supply 

chain. 

A  breakthrough  innovation  is  something  that  challenges  existing  procedures  and 

norms.  Thus,  if  the  organization  is  to  be  an  innovative  organization,  strict  adher-

ence  to  rules  and  regulations  could  cripple  creativity  as  experienced  by  3M  and  GE 

(Bolman  &  Deal, 2017). 

 3.4 

 Standards  and  Guidelines  for  Processes 

 and  Documentation 

In  addition  to  the  above-mentioned  organizational  process  paradigms,  many  stan-

dards  were  introduced  that  enabled  supply  chain  diversification,  and  thus,  brought 

about  global  standardization  of  DMS.  Data  exchange  and  deeper  integration  of  busi-

ness  and  manufacturing  processes  among  business  units  and  companies  enables 

continuous  improvement  that  spans  departments  and  disciplines. 

Lu  et  al. (2020)  shared  insights  on  the  development  of  new  standards  ISO  14649 

and  ISO  10303-238  (also  known  as  STEP-NC),  replacing  the  RS274D  (ISO  6983) 

G  and  M  code  via  a  modern  associative  language  that  directly  connects  the  CAD 

design  data  with  the  downstream  processes.  STEP-NC  describes  the  tasks  to  be 

carried  out  instead  of  the  methods  to  do  the  job  for  a  machine  tool.  STEP-NC  relies 

on  machine  tools  to  interpret  machine-dependent  machining  instructions  based  on 

the  local  machining  conditions.  In  this  manner,  it  is  different  from  G-Code. 

They  also  discussed  ISO  10303,  commonly  known  as  STEP.  It  is  now  an  inter-

nationally  recognized  standard,  designed  to  exchange  product  data  between  CAD 

systems  with  a  neutral  file  format  and  data  structure.  “STEP  has  just  completed 

a  significant  development  of  STEP  AP242  for  “Managed  Model-Based  3D  Engi-

neering”,  focusing  on  representing  3D  model  data,  geometric  tolerance,  and  PMI 

(Product  Manufacturing  Information)  to  enable  global  design  and  manufacturing 

collaboration”  (Lu  et  al., 2020). 

STEP  AP242  enables  streamlined  product  design,  process  planning,  and  manu-

facturing.  Geometric  Dimensioning  and  Tolerancing  (GD&T)  data  through  AP242 

that  can  be  automatically  consumed  by  downstream  applications  such  as  Computer 

Aided  Process  Planning  (CAPP),  Computer  Aided  Inspection  (CAI),  Computer 

Aided  Tolerance  Systems  (CATS),  and  Coordinate  Measuring  Machines  (CMM). 

The  Quality  Information  Framework  (QIF)  is  an  ANSI  (American  National  Stan-

dards  Institute)  3D  standard  that  is  XML  based  (QIF  Standard, 2017). It  allows users  to  share  and  process  metrology  data.  These  inspection  results  or  point  cloud 

scans  can  be  used  to  update  designs,  plan  assemblies,  plan  inspections.  Furthermore, 

these  files  could  also  be  analyzed  to  study  the  trends  in  quality  of  the  parts.  Dimen-

sional  Measuring  Interface  Standard  (DMIS)  is  a  widely  used  standard  related  to 

dimensional  metrology  in  the  world.  A  couple  of  variations  are  Open  DMIS  and
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PCDMIS.  This  standard  has  helped  to  improve  interoperability  between  CMMs  and 

other  software  (Lu  et  al., 2020). 

The  MT  Connect  standard  enables  the  manufacturing  equipment  to  capture 

execution  monitoring  data,  and  be  transmitted  to  external  sources  in  a  structured 

XML  format.  OPC  UA  developed  by  OPC  Foundation  provides  a  cross-platform 

M2M  communication  mechanism  for  data  exchange  between  industrial  devices  and 

systems.  OPC  UA  also  supports  an  object-oriented  information  modeling  approach 

(Lu  et  al., 2020). 

A  few  examples  of  standards  for  processes  and  organizational  practices  include 

the  AS9145  and  the  ISO  9001.  AS9145  establishes  requirements  for  performing 

and  documenting  advanced  product  quality  planning  (APQP)  and  production  part 

approval  process  (PPAP).  APQP  begins  with  conceptual  product  needs,  and  extends 

through  product  definition,  production  planning,  product  and  process  validation  (i.e., 

PPAP),  product  use,  and  post-delivery  service.  Holistically,  this  standard  integrates 

and  collaborates  with  the  requirements  of  the  ISO  9100,  9102,  9103,  and  9110 

standards. 

ISO  9001  sets  out  the  criteria  for  a  quality  management  system  and  is  the  only 

standard  in  the  family  that  can  be  certified  to  (although  this  is  not  a  requirement).  It 

can  be  used  by  any  organization,  large  or  small,  regardless  of  its  field  of  activity.  In 

fact,  there  are  over  one  million  organizations  in  over  170  countries  certified  to  ISO 

9001.  This  standard  is  based  on  a  number  of  quality  management  principles  including 

a  strong  customer  focus,  the  motivation  and  implication  of  the  top  management,  the 

process  approach,  and  continual  improvement.  There  are  many  more  such  standards, 

rules,  and  regulations  that  businesses  need  to  consider  before  embarking  on  their 

Industry  4.0  implementation  journey  (Lu  et  al., 2020). 

From  the  work  of  Lu  et  al. (2020)  and  Bernstein  et  al.  (2017), the  following timeline  of  standards  that  has  been  developed  and  is  in  the  process  of  development 

as  depicted  (see  Fig. 1). Please  note  that  specific  examples  are  given  as  dates  for coining  terms  and  making  them  standard  often  vary. 

 3.5 

 Advantages  and  Limitations  of  Fundamental  Digital 

 Technologies 

The  technologies  and  process  paradigms  discussed  in  the  previous  sections  were 

improvements  on  prior  procedures  and  thus  led  to  better  performance  in  the  area 

that  they  were  focused  on.  However,  there  are  many  barriers  and  challenges  that 

organizations  face  when  trying  to  implement  selected  software,  hardware,  and/or 

organizational  technologies.  For  instance,  many  organizations  created  proprietary 

hardware  and  software  that  cannot  (or  at  least  not  easily)  communicate  with  other 

machines  and  software  within  the  organization  or  the  supply  network.  It  is  not  realistic 

to  assume  that  manufacturing  organizations  only  run  homogeneous  setups  from  few 

providers  such  as  Siemens,  FANUC,  or  Mazak. 

[image: Image 21]

46

S. Kasilingam and T. Wuest

Fig.  1  A  timeline  of  standards  for  design,  manufacturing,  and  inspection  (based  on  Lu  et  al., 2020; Bernstein  et  al., 2017)

In  most  cases,  a  company  would  have  a  variety  of  legacy  machines  and  systems 

of  different  makes,  ages,  complexity,  and  different  levels  of  technology  enablement. 

The  same  applies  for  the  software  suites  as  well.  For  large  and  small  companies  alike, 

multiple  software  and  hardware  variants  are  in  use  across  the  whole  supply  chain, 

which  has  increasingly  become  globally  distributed. 

For  further  optimization,  these  physical  and  virtual  systems  must  be  able  to 

communicate  with  each  other.  This  has  led  to  the  notion  and  development  of  Cyber-

Physical  Production  Systems  (CPPS).  All  data  collected  from  these  systems  led 

towards  the  Big  Data  paradigm.  Moreover,  to  enable  humans  to  interact  with  the 

virtual  world,  extended  reality  was  introduced.  In  this  new  mixed  reality  environ-

ment,  for  better  communication,  natural  language  processing-based  AI,  visualization 

of  analytics,  and  cognitive  collective  intelligence  have  been  developed. 

Thus,  the  goal  of  CPPS  is  to  address  issues  faced  by  these  disparate  systems  and 

enable  them  to  work  together  seamlessly  to  offer  a  mixed  (virtual  +  tangible)  reality 

where  collective  intelligence  would  lead  to  better  performing  human–machine  teams. 

Developments of Technological Systems

47

4 

The  New  Cyber-Physical  (Production)  Systems 

Paradigm—Industry  4.0 

Industry  4.0  is  a  collection  of  technologies  and  tools  that  would  enable  the  current 

manufacturing  and  production  industry  to  become  more  efficient  and  competitive  in 

technical,  financial,  and  service  terms  (Zheng  et  al., 2018).  When  completely  implemented,  Industry  4.0  would  radically  disrupt  how  products  and  services  are  made, 

sold,  and  operated.  Different  digital  technologies  under  the  Industry  4.0  umbrella 

include  highly  interconnected  and  interdependent  systems,  and  should  not  be  viewed 

as  distinct  technologies.  They  form  the  infrastructure  to  build  the  complex  multi-

agent  multi-reality  systems  that  would  herald  in  the  age  of  Industry  4.0.  In  Table  2, we  list  the  tools,  technologies,  and  process  paradigms  that  make  up  these  components. 

CPPS  can  be  understood  as  multi-agent  systems  with  varying  levels  of  complexity. 

A  few  or  all  of  the  above-mentioned  components  could  be  used  in  an  organization 

and  thus  multi-agent  systems  form  the  crux  of  Industry  4.0  implementation  projects 

(Cimini  et  al., 2020). 

 4.1 

 Physical  Components  of  CPS 

In  a  smart  manufacturing  shop  floor,  machine  tools  and  their  auxiliaries  ranging 

from  smart  wearables,  tactile  interfaces,  industrial  robots,  AGVs,  Automated  Storage 

and  Retrieval  Systems  (ASRS)  constitute  the  manufacturing  resources  and  space. 

Liu  and  Jiang  (2016)  discussed  how  the  uniform  and  robust  connections  between heterogeneous  physical  entities  (e.g.,  manufacturing  resources,  sensors,  actuators, 

and  measurement  devices)  should  be  defined;  proper  sensors  (type  and  specification) 

should  be  selected  and  deployed  on  proper  locations  with  low  cost  and  high  efficiency 

on  the  basis  of  historical  machining  tasks. 

Alladi  et  al. (2019)  mentioned  how  the  communication  layer  built  on  top  of 

the  physical  layer  uses  network  technologies,  such  as  actuator  and  wireless  sensor 

networks,  5G,  and  machine-to-machine  communication,  for  the  integration  of  various 

devices  in  the  physical  layer  for  industrial  manufacturing  and  automation.  It  is  impor-

tant  to  note  that  the  control,  networking  and  computing  infrastructures  of  the  cyber 

systems  enable  the  networking  of  the  physical  assets  on  the  manufacturing  shop  floor. 

Peruzzinia  et  al.  (2018)  exemplified  the  integration  of  CPPS  through  an  extended reality  set  up  for  training  and  serviceability.  This  setup  simulates  a  realistic  human– 

product  interaction  with  auxiliary  tools  (e.g.,  screws,  pliers),  as  well  as  additional 

components  to  be  handled  (e.g.,  tubes,  valves,  covers).  This  setup  included  3D  printed 

place  holders,  motion  capture  devices  and  their  software,  a  software  toolkit  for 

product  digitization,  a  Go-Pro  camera,  smart  glasses  and  a  bio  harness  sensor  to 

record  human  physiological  data.  They  realized  this  set  up  led  to  quicker  training 

and  better  service  from  the  trained  operators. 
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Table  2  Constituents  of  Industry  4.0/smart  manufacturing  and  their  capabilities  (Longo  et  al., 

2020; Cimini  et  al., 2020) 

Constituent

Capabilities

Physical/hardware 

Digital/software 

components 

components 

Industrial  Internet  of 

Bridges  the  physical 

Ports  and  associated 

Machine  connectivity 

Things  (IIoT)  and 

and  virtual  world 

cables  (RS485,  RS 

computer  networking 

smart  sensors 

together 

232,  Profibus), 

protocols  and 

Traditional  sensors 

wireless  protocols, 

software,  wireless 

embedded  with 

proprietary  hardware 

protocols,  proprietary 

intelligence 

(PLC/CNC),  custom 

platform  software  and 

capabilities 

built  sensors,  relays  to  any  signal  processing 

connect  to  legacy 

software 

machines,  edge 

5G—virtualization 

devices  (raspberry  pi, 

and  SDN 

Tordex,  Arduino)  for 

Edge/fog/cloud 

signal  processing 

computing 

Special  material  and 

geometry-based 

sensors,  connection  to 

edge/fog  enabling 

hardware 

Big  data  analytics

Data  processing  and 

GPU/CPU  clusters, 

Predictive,  descriptive 

analysis  of  petabytes 

distributed  computing 

analytics  solutions, 

of  data  into 

services  and  systems, 

distributed  computing 

information  into 

orchestration 

solutions  like  Hadoop 

wisdom  into 

hardware 

and  data  lakes,  AI 

knowledge 

algorithms,  including 

its  subfields  such  as 

ML,  CV,  NLP  and 

deep  learning 

Cloud  technologies 

The  ability  to 

Servers,  cloud 

CAD,  CAM,  CAI, 

and  horizontal  and 

introduce  technology 

providers,  networking 

CAPP, CAE, CIM, 

vertical  integration 

anywhere  with  an 

hardware,  and 

API  integration 

internet  connection 

Wi-Fi/4G/5G 

services,  no  code  or 

with  scale  and 

hardware 

low  code  platforms, 

versatility  across 

manufacturing  app 

devices.  Creation  of  a 

platforms,  server-less 

global  value  network 

computing  and  more

through  the 

integration  and 

optimization  of  the 

flow  of  information 

and  goods  between 

companies,  suppliers, 

and  customers 

(continued)
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Table 2 (continued)

Constituent

Capabilities

Physical/hardware

Digital/software

components

components

Cybersecurity

Guarantee  the 

Blockchain  supporting  Blockchain-based 

security  of  networks, 

servers  and  providers 

encryption 

devices,  and  the  large 

Quantum  computing 

Decentralized  security 

amount  of  data 

hardware  providers 

Quantum  computing 

collected,  stored,  and 

received  from 

machines  and  users 

Virtual  and  augmented  Experimental 

Goggles,  tactile 

Game  engines,  3D 

reality,  simulation  and 

situation,  i.e.,  a 

devices,  CV  enabled 

development  tools,  3D 

advanced  robotics 

virtual  environment 

sensors  (Ex.LIDAR), 

digital  assets,  CV 

and  the  creation  of  a 

Xbox  Kinect, 

software,  digital 

virtual  environment 

exoskeletons,  health 

voice-enabled 

on  top  of  the  reality 

monitoring  devices, 

assistants  based  on 

A digital  

human–machine 

NLP  software,  smart 

representation  of 

interfaces,  wearable 

health  monitoring 

products  and 

smart  clothes  and 

software,  intelligent 

processes,  to  identify 

smart  watches,  work 

HMI  (adaptive 

in  advance  potential 

environment  sensors, 

front-end),  embedded 

issues 

visual,  temperature  or 

systems  software 

other  sensors 

Simulation  software 

Scalable  computing 

for  process  simulation-

hardware  and  digital 

discrete  or  stochastic, 

assets  for  simulations 

3D  simulation  for 

manufacturing 

planning  or  energy  or 

training,  event  and 

multi-agent  simulation 

and  more 

Additive 

Produce  small 

FDM,  SLS, 

Functional  and 

manufacturing  (AM) 

batches  of  products 

stereolithography, 

customizable 

with  a high degree of   ultrasonic  3D  printing 

generational 

customization  by 

and  similar  devices 

parametric  design 

adding  rather  than 

and  raw  materials 

software 

removing  the  material 

3D  models  slicing  and 

from  a  solid  block 

printing  preparation 

software 

Energy-saving 

Monitoring  and 

Hardware  that 

All  software  that 

technologies 

optimization  systems 

supports  IIoT,  big  data  support  IIoT,  big  data 

that  allow  reducing 

orchestration,  remote 

orchestration,  smart 

the  energy 

control,  advanced 

sensors,  remote 

consumption  in 

robotics  and 

control,  advanced 

manufacturing 

simulation 

robotics  and 

simulation

(continued)

[image: Image 22]
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Table 2 (continued)

Constituent

Capabilities

Physical/hardware

Digital/software

components

components

Multi-agent  systems 

Organized  set  of 

AI  and  ML  enabling 

AI  and  ML  enabling 

(MAS) 

agents  that  represent 

hardware  for  the 

software  and 

the  behavior  of 

purpose  of  creating 

algorithms  for  the 

objects  of  a  system, 

cognitive  human 

purpose  of  creating 

capable  of  interacting  machine  teams 

intelligent  human 

and  negotiating 

machine  teams

among  them  to 

achieve  individual 

goals 

 4.2 

 Digital  (Cyber)  Components  of  CPS 

Bass  et  al.  (2003)  defined  software  architecture  as  “the  structure  or  structures  of  the system,  which  comprise  software  elements,  the  externally  visible  properties  of  those 

elements,  and  the  relationships  among  them.”  As  CPPS  are  implemented  by  forging 

a  connection  between  hardware  and  software  systems,  this  section  discusses  further 

how  software  enables  their  realization.  Figure  2  provides  a  timeline  of  selected  CPS 

technologies  within  the  contexts  of  recent  industrial  revolutions. 

Modern  DMS  are  focused  on  creating  insights  from  large  amounts  of  data—or  Big 

Data.  To  give  a  reference,  the  amount  of  data  that  is  available  for  an  organization’s 

planning  and  manufacturing  operations  can  reach  the  order  of  5,000  dimensions, 

updated  by  200  million  data  per  day. 

That  is  a  strong  argument  why  smart  manufacturing  must  adopt  big  data  and 

appropriate  communication  protocols,  such  as  5G  (Contreras  Masse, 2019). 

Fig.  2  A  timeline  of  computational  technologies  (Lu  et  al., 2020;  Bernstein  et  al., 2017) 
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When  all  Enterprise  Information  Systems  (EIS)  such  as  ERP,  Manufacturing 

Execution  Systems  (MES),  and  Supply  Chain  Management  (SCM)  are  integrated  and 

big  data  is  used,  specific  models,  algorithms,  and  tools  can  be  used  to  extract  insight 

about  machine  working  conditions,  workpiece  quality,  manufacturing  processes,  etc. 

as  illustrated  in  the  work  of  Liu  and  Jiang  (2016)  and  many  others. 

We  covered  how  manufacturing  data  is  collected  via  sensors,  RFID  devices,  and 

measurement  devices.  In  addition,  appropriate  communication  channels  and  APIs 

are  required  to  gather  and  generate  insight  from  the  collected  data  that  is  used  to 

monitor  and  control  the  manufacturing  resources  (Liu  &  Jiang, 2016).  RESTful  API web  services  are  based  on  XML/JSON  data  formats.  MT  Connect  is  a  XML-based 

communication  method  for  machining  tools  and  it  can  be  used  for  monitoring  their 

status.  Communication  mechanisms  are  developed  using  MT  Connect,  Transmission 

Control  Protocol/Internet  Protocol  (TCP/IP),  and  Representational  State  Transfer 

(REST)  protocol.  Quality  Information  Framework  (QIF)  (QIF  Standard, 2017), and 

MT  Connect  standards  enable  anyone  to  gather  data/measurements  and  evaluate  the 

overall  quality  of  a  product. 

Many  cloud-based  software  applications  feature  a  core  cloud  layer.  It  hosts  cloud 

services,  such  as  user  subscription  manager,  security  manager,  and  manufacturing 

operation  virtualization  services  manager.  Vendor  and  proprietary  applications,  and 

third-party  applications  integrate  through  REST  APIs  as  demonstrated  by  Liu  et  al. 

(2017).  This  can  be  used  when  edge  servers  are  used  as  well.  Additionally,  clustering could  help  increase  capacity  and  computation  power. 

When  it  comes  to  novel  5G  networks  that  are  considered  essential  for  IIoT  appli-

cation  in  the  future,  the  following  capabilities  are  crucial:  network  slicing,  resource 

management  for  IoT,  network  capability  exposure,  energy  efficiency,  quality  of 

service  monitoring,  the  availability  of  positioning  services,  and  the  possibility  of 

control  across  vertical  domains  (Varga  et  al., 2020). 

Open-source  systems  enable  the  adoption  of  these  technologies  which  we  will 

discuss  in  detail  in  the  next  section.  We  would  like  to  mention  the  open  source 

technologies  currently  available  now  below  and  in  the  following  enabling  factors 

section. 

 4.3 

 Enabling  Factors  and  Organizational  Changes 

Open-source  digital  technology  enables  widespread  adoption.  This  can  lead  to 

improved  development  based  on  the  collective  intelligence  gained.  Users  could  adapt 

technology  for  their  specific  use  cases,  and  could  also  work  with  others  who  can 

contribute  on  a  shared  goal.  Menon  et  al.  (2020)  introduced  us  to  the  Kaa-IoT  platform.  Let  us  consider  this  example;  this  platform  for  instance,  provides  an  open, 

feature-rich  toolkit  for  IoT  product  development,  and  thus,  dramatically  reduces 

associated  costs,  risks,  and  time-to-market.  These  characteristics  are  highly  influen-

tial  in  aiding  a  company’s  management  to  make  an  informed  decision  about  industry 

4.0  implementation. 
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Several  major  IoT  platforms,  such  as  PTC  Thing  Worx,  Microsoft  Azure,  and 

IBM-Watson  IoT  are  further  improvising  on  openness  to  enable  end-users  to  exper-

iment  to  avoid  lock-in  to  a  particular  platform  in  the  process  of  experimenting.  The 

counter  argument  that  they  have  is  that  security  might  be  an  issue  if  everything  is 

open  (Menon  et  al., 2020). 

Remote  work  has  been  on  the  rise  caused  by  transformations  in  the  institutional 

environment,  coupled  with  advances  in  technological  infrastructures  (Soroui, 2021). 

Most  applications  are  migrating  to  the  cloud,  and  for  sensitive  ones  like  government 

or  military  applications,  cloud  is  being  extended  with  edge/fog  domains.  Major 

providers  such  as  AWS  and  Microsoft  also  offer  government  cloud  services  with 

added  security  (Sonkoly  et  al., 2020). Currently  there  is  fierce  competition  among cloud  service  providers  to  gain  market  share,  publicity,  and  technologies  such  as 

integration  of  quantum  computing  and  blockchain. 

Cloud  pricing  models  vary,  as  these  disruptive  technologies  keep  developing 

(Li et al.,  2013).  The  factors  that  influence  cloud  pricing  include  provider  pricing schemes,  workload-based  pricing,  SLA-tiered  pricing,  and  specifications  of  the 

service(s)  to  deploy.  MS  Azure  for  example,  enables  one  to  choose  the  use  cases. 

The  options  offered  are  IoT,  mixed  reality  deployment,  digital  twins’  development 

and  more.  In  the  case  of  digital  twin  deployment  for  example,  Azure  has  the  pricing 

model3  characterized  by  volume  of  messages  (i.e.  $1  per  million  messages),  operations  (i.e.  $2.50  per  million  operations),  and  query  units  (i.e.  $0.50  per  million 

query  units).  Startups  and  big  organizations  are  racing  to  provide  distinct  value  to 

their  customers  and  distinguish  their  offerings  from  their  large  competitors.  IoT  plat-

forms  such  as  Kaa-IoT4  offer  hardware  integrations,  device  management,  data  collection,  configuration  management,  integrations,  command  execution,  and  connectivity. 

IoT  platforms  are  designed  to  support  various  integrations  through  REST  API,  web 

sockets,  data  analytics  engines,  business  intelligence  tools  like  SAP,  Salesforce,  etc. 

and  legacy  systems  as  well. 

Industry  4.0  aims  for  a  complete  digitization  across  all  domains  and  at  connecting 

machines,  processes,  tools,  and  humans.  The  final  situation  is  the  epitome  of  connec-

tivity  that  Industry  4.0  prescribes.  Human  operators  can  benefit  from  a  central  infor-

mation  system:  also,  more  information  from  other  human–machine  systems  can 

be  consulted  and  examined  in  real-time,  thanks  to  a  cloud-based  architecture,  to 

enhance  their  situational  awareness.  To  avoid  the  risk  of  slowing  down  the  speed 

of  response  of  the  centralized  system,  decentralized  computational  capabilities  are 

embedded  into  machines,  which  can  pre-process  the  data.  At  the  same  time,  cognitive 

human  interfaces  and  interactions  can  take  advantage  of  a  hybrid  control  structure,  in 

which  decisions  can  be  taken  at  a  decentralized  level  or  through  central  optimization 

strategies  that  consider  the  real-time  state  of  all  the  elements  of  the  system. 

3  https://azure.microsoft.com/en-us/pricing/details/digital-twins/. 

4  https://www.kaaiot.com/. 
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Table  3  Why  5G  in  Industry  4.0  (Adib  et  al., 2019) 

Use  case

Benefits

Why  5G? 

Advanced  predictive 

Reduce  downtime 

Device  density 

maintenance 

Reduce  spend  on  maintenance 

Reliability 

Reduce  machine  replacement  rate 

Device  costs 

Precision  monitoring  and 

Reduce  defects 

Device  density 

control 

Increase  throughput 

Ultra-low  latency 

Increase  yield 

AR  and  remote  expert

Reduce  spending  and  time  on 

Bandwidth  for  video  data 

maintenance  and  repair 

Ultra-low  latency 

Reduce  spending  on  training 

Remote  robot  control

Health  and  safety 

Ultra-low  latency 

Increase  throughput 

Manufacturing  as  a 

Increase  the  rate  of  product 

Flexibility 

service 

innovation 

Ubiquity 

Reduce  overall  costs 

Device  costs 

Increase  productivity 

AGVs

Increase  efficiency 

Low  latency 

Increase  productivity 

Reliability 

Location  awareness 

Drone  inspections

Health  and  safety 

Low  latency 

Reducing  spending  and  time  on 

Reliability 

inspections 

Location  awareness 

Examples  include  Tulip, 5  which  has  a  manufacturing  app  library  comprising  a 

growing  collection  of  innovative  apps  their  customers  have  built  to  run  their  produc-

tion  lines.  With  their  permission,  Tulip  anonymized  and  published  the  apps  so  you 

can  adopt  them.  There  are  various  no-code  or  low  code  platforms  to  build  software 

applications.  Flutter6  is  Google’s  UI  toolkit  for  building  beautiful,  natively  compiled applications  for  mobile,  web,  and  desktop  from  a  single  codebase. 

AWS  Sumerian7  enables  creating  and  embedding  3D  scenes  into  existing  web 

pages.  One  can  embed  conversational  interfaces  into  scenes  using  Amazon  Lex  and 

embed  scenes  in  a  web  application  using  AWS  Amplify.  The  AWS  SDK  for  JavaScript 

can  be  used  directly  in  Sumerian  to  interact  with  AWS  resources,  such  as  storing  data 

in  Amazon  DynamoDB  or  executing  business-logic  processes  with  AWS  Lambda. 

This  set  of  technologies  can  be  used  to  create  digital  twins  and  extended  reality-based 

use  cases. 

5G  with  its  enhanced  latency,  bandwidth,  capacity,  reliability,  and  mobility  lead 

to  a  longer  battery  life  for  the  devices  will  fasten  the  disruption  and  lead  to  easier 

adoption  to  Industry  4.0.  The  following  table  highlights  how  5G  will  help  bring  about 

Industry  4.0  quicker  (Table  3). 

5  https://tulip.co/library/apps/. 

6  https://flutter.dev/. 

7  https://aws.amazon.com/sumerian/. 

54

S. Kasilingam and T. Wuest

A  completely  connected  Industrial  Internet  of  Things  (IIoT)-enabled  organization 

would  have  more  sensors;  and  thus,  data  would  be  processed  and  streamed  faster  than 

ever  before.  LoRaWAN  (Low  Power  WAN  Protocol)  is  a  data-link  layer  that  has  the 

desired  properties  of  long  range,  low  power,  and  low  bit  rate.  The  LoRaWAN  consists 

of  a  communication  protocol  and  network  architecture,  while  the  physical  layer 

serves  as  the  long-range  link  (Carvalho  Silva  et  al., 2017). Other  LPWA  technologies  include  Sigfox,  NB-IoT,  LTE-M,  Weightless-N,  Weightless-P  from  Weightless 

SIG,  and  RPMA.  LoRaWAN  is  3  to  5  times  better  when  compared  with  other  LPWAN 

technologies-based  power  consumption  for  long  range  communication  requiring 

minimal  amount  of  infrastructure  for  the  achieved  capacity. 

There  are  many  more  examples  of  open  source  and  commercially  available  tech-

nologies  or  platforms  or  pre-built  applications  that  are  ready  to  enable  implementers 

to  get  Industry  4.0  working  on  the  DMS  shop  floor.  Advanced  manufacturing  can 

thereby  lead  to  better  results  in  various  manufacturing  use  cases.  Lenz  et  al. (2020) 

for  instance,  discussed  implementing  smart  manufacturing  in  a  polymer  processing 

organization,  which  faced  many  challenges,  right  from  access  to  data  to  the  frequency 

of  the  data.  This  study  led  to  cost  savings  over  the  lifetime  of  the  equipment,  and 

shows  us  that  legacy  systems  can  be  successfully  upgraded  to  be  capable  for  Industry 

4.0  implementation  in  an  organization.  Further,  Sinha  et  al.  (2020)  discussed  how Covid-19  and  the  resulting  supply  chain  crisis,  vis  a  vis  how  one  could  be  resilient.  In 

their  book  on  digital  supply  networks,  the  development  of  supply  chain  management 

into  digital  supply  networks  is  well  articulated. 

 4.4 

 Role  of  Humans  in  CPS 

Weyer  et  al. (2015)  split  Industry  4.0  into  three  components.  First,  the  smart  part that  is  being  produced  either  by  conventional  manufacturing  or  by  additive  manufacturing.  This  part  could  be  considered  smart  if  it  takes  advantage  of  the  Industry 

4.0  technologies  and  thus  is  adapted.  The  machine  tools  making  these  parts  are  the 

second  component.  They  can  be  “distributed,  adaptable,  flexible,  and  self-organizing 

production  lines”  (Weyer  et  al., 2015). This  would  enable  them  to  make  smart  products  and  help  the  most  important  component,  the  third  component,  the  smart  operator 

also  known  as  the  augmented  operator—or  Operator  4.0.  This  enhanced  human  being 

will  be  able  to  do  more,  understand  more,  and  deliver  more  in  an  ideal  industry  4.0 

environment. 

The  technologies  discussed  in  previous  sections  are  to  support  the  human  operator, 

in  a  human–machine  team  when  faced  with  a  variety  of  jobs.  In  this  section,  we  shall 

see  how  the  human  operator  and  the  smart  machines  can  work  together  to  create  a 

cognitive  CPPS  for  human–machine  teams. 

Romero  et  al.  (2016b)  highlighted  the  enabling  technologies  for  Operator  4.0  in their  research.  They  categorized  smart  operators  or  operators  4.0  into  the  following 

categories:
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(i)

analytically  skilled  operators, 

(ii) 

augmented  and  virtual  reality  enabled  operators, 

(iii)  collaborative  and  social  operators, 

(iv)  smarter  and  healthier  operators,  and 

(v) 

super-strength  operators. 

Wearable  trackers  are  designed  to  measure  activity,  stress,  heart  rate,  and  other 

health-related  metrics,  as  well  as  GPS  location,  along  with  other  personal  data.  Any 

digitized  process,  any  answer  to  any  question,  any  advance  notification  of  events, 

regular  change  of  activities  and  health  monitoring  can  aid  these  operators. 

Danger  alarms/indicators,  optimal  route  calculators,  tactile  feedback  through 

smart  physical  actuators  can  help  operators. 

The  component  technologies  of  extended  reality,  advanced  robotics  and  AM  aid 

operators  in  a  physical  sense  with  the  exception  being  extended  reality  which  could 

help  human  operators  cognitively  as  well.  IoT,  smart  sensors,  and  Big  Data  tech-

nology  aid  operators  to  understand  the  condition  of  the  machines  and  take  appro-

priate  decisions  or  control  them  from  afar.  Cloud  technologies  enable  human  oper-

ators  or  organizational  management  to  get  a  live  update  on  the  productivity  and 

performance  of  their  assets  from  anywhere  in  the  world  with  an  internet  connec-

tion.  Simulation,  additive  manufacturing,  and  intelligent  algorithms  will  let  systems 

conserve  energy  and  let  users  adjust  their  performance  and  efficiency  as  desired. 

Horizontal/vertical  integration  and  multi-agent  systems  alongside  the  organizational 

practices  discussed  in  Sect. 3.3  can  empower  operators,  supervisors,  and  managers to  strive  for  continuous  improvement  from  the  raw  material  stage  to  the  delivery  to 

customers. 

Malik  and  Bilberg  (2018)  study  helped  us  understand  how  humans  can  collab-

orate  with  robots  and  what  is  needed.  The  collaboration  in  effect,  is  dependent  on 

the  availability  of  multimodal  sensor-based  data  of  the  human  person  that  is  tracking 

using  RGBD  and  laser  scanner  data.  The  robot  has  to  have  the  ability  of  real-time 

identification  and  tracking  of  point  clouds  in  the  workspace  to  be  used  for  collision 

avoidance  and  real-time  dual-arm  self-collision  avoidance  and  dynamic  collision 

avoidance  with  external  objects.  In  various  scenarios,  the  robot’s  speed  and  compli-

ance  automatically  should  adjust  depending  on  the  current  working  mode  and  real-

time  environment  data.  The  robot  should  be  capable  of  intention  recognition  and 

recognition  of  simple  human  gestures. 

To  further  understand  the  different  scenarios  of  human–robot  collaboration,  the 

ISO  10218  standard  and  the  new  ISO/TS  15066  Technical  Specification  contain  more 

information  about  safety  practices,  hand  guiding,  speed  monitoring  between  human 

and  robot  and  the  experimentally  important  limiting  of  power  of  robot-based  on  the 

situation. 

One  can  understand  that  humans  are  best  in  tasks  categorized  as  creative,  needing 

the  ability  to  improvise  and  thus  have  limitations  concerning  emotions,  memory, 

and  fatigue.  Machines  thrive  with  repetitive  tasks,  the  ability  to  handle  computa-

tional  complexity  and  in  comparison,  to  humans  they  lack  contextual  awareness
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and  creativity.  Thus,  humans  and  smart  machines  complement  each  other  by  being 

contextually  aware  and  capable  of  repeatability  with  precision. 

5 

Implementation  of  I4.0/CPS  Digital  Technologies 

in  Manufacturing 

In  this  section,  we  review  approaches  and  add  our  own  ideas  on  how  to  imple-

ment  CPPS  combining  the  wisdom  of  humans  and  machines  to  achieve  better  DMS 

workflows.  Data  has  no  meaning  or  value  without  context  and  interpretation,  e.g., 

machine  vibration  data.  Information  is  data  which  adds  value  to  the  understanding 

of  a  subject  (e.g.  a  human  noticing  the  vibration  metric  of  a  tool).  Knowledge  on  the 

other  hand,  is  a  combination  of  data  and  information,  to  which  expert  opinions,  skills, 

and  experience  could  be  added,  in  order  to  result  in  an  asset,  which  in  turn,  may  be 

used  to  aid  decision-making  (e.g.  a  supervisor  knowing  to  change  the  tool).  Wisdom 

is  accumulated  knowledge,  which  allows  you  to  understand  how  to  apply  concepts 

from  one  domain  to  new  situations  or  problems,  e.g.,  imagine  if  the  machine  kept  all 

these  scenarios  recorded  and  learnt  from  it.  Thus,  these  intelligent  systems  that  are 

AI-enabled  build  on  the  wisdom  of  human  operators  alongside  technical  systems. 

As  illustrated  by  Longo  et  al. (2020),  perception,  cognition,  and  interaction  capabilities  affect  how  cyber-physical  production  systems  understand  and  how  better 

human–machine  interaction  and  experiences  can  be  built.  Any  user  of  a  smart  manu-

facturing  system  with  Industry  4.0  technology  components  would  be  enabled  to  work, 

while  bridging  the  gap  between  the  cyber  and  physical  reality.  Perception  technolo-

gies  help  the  machine  understand  the  user.  The  interaction  between  the  machine 

and  the  human  happens  through  interactive  technologies.  There  are  certain  compo-

nents  that  enable  the  machine  and  the  human  to  work  together  with  the  blended 

cyber-physical  reality  and  data  paradigm.  Cognition  technologies  (as  shown  in  the 

following  figure)  would  enable  the  machine  and  humans  to  be  more  intelligent  as 

data,  and  information  would  be  processed  and  made  into  actionable  insights  through 

cognition  technologies  (Fig. 3). 

 5.1 

 Barriers,  Challenges,  and  Limitations 

Paper-based  processes,  multiple  industries  enforcing  proprietary  standards  that  are 

not  interconnected  or  interoperable,  workers’  union  problems,  legacy  technologies 

that  would  need  updating  for  multi-agent  and  horizontal-vertical  integration  to  occur 

are  a  few  barriers  and  limitations  that  affect  companies  of  all  sizes,  as  they  work  to 

implement  smart  manufacturing  technologies. 

Zheng  et  al. (2018)  explained  how  paper-based  processes  are  still  widely  used,  and how  this  leads  to  several  challenges.  First,  the  efficiency  is  low  as  all  the  operations, 

[image: Image 23]
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Fig.  3  Cognition,  perception,  and  interaction  of  CPPS  (based  on  Longo  et  al., 2020) interactions,  and  executions  on  shop  floors  are  time-consuming  when  using  large 

amounts  of  manpower,  paper,  outdated  and  disparate  technologies  that  cannot  work 

together.  Additionally,  it  may  be  noted  that  trade  unions  have  an  important  role  in 

any  new  transformation.  Thus,  engaging  them  is  a  major  challenge  in  itself,  as  they 

perceive  that  these  technologies  are  about  to  take  over  their  jobs. 

Information  visibility  and  accessibility  to  decision  makers  is  an  important  issue 

that  Industry  4.0  can  tackle.  However,  intensive  capital  investment  and  human 

resource  investment  are  needed  for  the  same.  Standards  development  is  not  in  the 

sphere  of  control  of  manufacturing  organizations  as  it  is  mostly  the  OEMs  and 

elite  associations  who  develop  the  standards.  The  concern  that  the  standards  are 

not  interoperable  or  connectable  is  also  mentioned  (Lu  et  al., 2020). 

The  stakeholders  including  the  platform  user,  provider,  and  the  developer  have 

varying  views  on  inter-communication  between  systems  and  thus  the  adoption  of 

open  standards.  The  cost  of  access,  access  to  different  tiers  based  on  different 

pricing,  how  one  can  develop  extensions  of  the  platform  or  app,  proprietary  system 

and  prohibitive  licensing  can  serve  as  barriers  or  limiting  factors  to  buy,  build,  or 

implement  an  Industry  4.0  platform  (Menon  et  al., 2020). 

 5.2 

 Best  Practices  and  Lessons  Learned 

Data  exchange  can  occur  between  any  two  technological  platforms,  spanning  infor-

mation  or  operational  technology.  To  enable  data  transfer  across  departments  like 

shipping,  manufacturing,  planning  and  more,  basic  infrastructure  must  be  developed. 

Information  technology  (IT)  and  operational  technology  (OT)  are  embedded  in  the 

operations  of  most  departments  in  a  manufacturing  organization,  but  they  might  not 

be  able  to  access  the  data. 
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Lu  et  al.  (2020)  stated:  “Intelligent  manufacturing  factory  automation  systems will  continuously  and  collaboratively  self-optimize  their  setups  and  configurations 

via  self-awareness,  reasoning,  planning,  and  execution.” 

Joint-ventures  between  companies  like  hardware  and  software  providers  alongside 

a  shared  license  model  can  drastically  increase  adoption.  Trial  licensing  or  tier-based 

licensing  can  aid  experimenters  to  finally  discuss  implementation. 

The  availability  of  development  documentation  and  development  partners  or 

resources  can  enable  organizations  to  build  a  custom  solution  (Menon  et  al., 

2020).  Mittal  et  al. (2019)  shared  the  main  qualities  expected  from  a  smart  manufacturing  system.  The  qualities  being,  modularity,  scalability,  autonomy,  robust-

ness,  flexibility,  interoperability,  networkability,  agility,  responsiveness,  accuracy, 

decentralized/distributed,  and  resilience. 

EthicalML8 /awesome-artificial-intelligence-guidelines  is  a  repository  on  GitHub. 

This  repository  aims  to  simplify  this  by  mapping  the  ecosystem  of  guidelines,  prin-

ciples,  codes  of  ethics,  standards,  and  regulations  being  put  in  place  around  artificial 

intelligence.  There  is  a  Curated  Digital  Twin  Knowledge  Repository  which  is  the 

Digital  Twin  Ecosystem.9 

Technology  Readiness  Levels  (TRL)  is  an  established  method  for  assessing  the 

maturity  of  technologies  and  is  commonly  used  by  NASA,  DoD,  DoE,  and  many 

other  organizations.  The  levels  vary  from  level  1  that  signifies  that  the  basic  principles 

of  the  technology  are  reported  to  level  9,  which  means  that  there  is  an  actual  system 

that  has  proven  to  be  successful  (Sauser  et  al., 2006). 

A  deeper  and  broader  integration  of  IT  across  all  operations  enhances  the  risk 

of  cybersecurity  attacks.  This  raises  the  need  for  cybersecurity  measures,  including 

mechanisms,  such  as  cyber  denial,  deception,  and  counter  deception.  A  capability 

maturity  model  can  enable  organizations  to  assess  their  readiness  in  that  space.  A 

maturity  model  focused  on  cybersecurity  was  proposed  by  Heckman  et  al. (2015);  it focused  on  people,  services,  processes,  technology,  and  technique  spread  across  five 

maturity  levels. 

Specifically  with  respect  to  manufacturing,  Mahoney  and  Davis  (2017)  high-

lighted  issues  with  the  presence  of  legacy  systems  alongside  disruptive  technologies, 

like  digital  twins  and  extended  reality  supporting  systems.  The  complete  complex 

system  that  contains  systems  in  itself  at  multiple  hierarchical  levels  cannot  be 

centrally  managed,  and  cannot  be  treated  as  a  collection  of  individuals,  compartmen-

talized  systems.  Thus,  a  decentralized  approach  is  necessary.  NIST  has  developed  a 

Framework  for  Improving  Critical  Infrastructure  Cybersecurity.  NIST  coordinates  a 

public  working  group  that  is  developing  a  Framework  for  Cyber  Physical  Systems. 

The  NIST  Framework  (Cybersecurity, 2014)  consists  of  three  parts:  Framework 

Core,  Framework  Implementation  Tiers,  and  Framework  Profiles.  Overall,  with  the 

rapid  advancement  of  digital  technology  across  manufacturing  organizations,  cyber-

security  considerations  are  no  longer  optional  but  a  core  requirement  that  cannot  be 

neglected. 

8  https://github.com/EthicalML/awesome-artificial-intelligence-guidelines. 

9  https://github.com/digitaltwinconsortium. 
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 5.3 

 Outlook  on  Future  Development 

The  transition  from  Industry  3.0  to  Industry  4.0  would  take  time.  There  are  standards 

creating  organizations,  academic  institutions,  companies,  and  startups  all  partici-

pating  in  this  disruptive  change  or  update  to  manufacturing  as  we  know  it.  “ISO 

Technical  Committee  184  (ISO/TC  184)  and  IEC  Technical  Committee  65  (IEC/TC 

65)  formed  a  joint  working  group—ISO/IEC  JWG  21,  to  bring  about  the  harmoniza-

tion  of  smart  manufacturing  reference  models  and  various  standards”  (Lu  et  al., 2020). 

“A  Digital  Twin  is  an  integrated  multi-physics,  multiscale,  probabilistic  simulation 

of  a  vehicle  or  system  that  uses  the  best  available  physical  models,  sensor  updates, 

fleet  history,  etc.,  to  mirror  the  life  of  its  corresponding  real  machine/work  cell/shop 

floor”  (Zhang  et  al., 2019).  Zhang  et  al.  devised  a  Product  Manufacturing  Digital  Twin consisting  of  five  kinds  of  models:  Product  Definition  Model,  Geometric  and  Shape 

Model,  Manufacturing  Attribute  Model,  Behavior  and  Rule  Model,  and  Data  Fusion 

Model.  The  shopfloor  simulation  results  can  be  predicted  and  evaluated  through 

PMDT  as  this  model  considers  the  multi-disciplinary  complexity  that  a  digital  twin 

requires. 

Edge  computing  is  not  restricted  to  5G,  as  it  is  widely  being  adopted  now.  Edge 

computing  devices  could  be  connected  to  Wi-Fi  or  Bluetooth  which  can  then  interface 

with  5G  based  on  the  use  case.  If  Analytics  using  the  Big  Data  paradigms  can  be 

carried  out  on  the  edge,  and  if  just  a  value  of  a  KPI  must  be  relayed  at  a  particular 

frequency,  the  edge  device  could  interface  with  the  5G  network  through  Wi-Fi  or 

Bluetooth.  5G  offers  several  advantages  including  enhanced  latency,  bandwidth, 

capacity,  reliability,  mobility,  and  longer  battery  life  for  the  devices.  This  is  expected 

to  increase  the  speed  adoption  of  technology  enhanced  shop  floor  applications.  Given 

the  enhanced  freedom  associated  with  wireless  connectivity,  this  particularly  includes 

operator  focused  innovation  (operator  4.0)  that  will  enable  the  future  technology-

enabled  operators  to  become  analytically  skilled,  collaborative,  social,  smarter,  and 

healthier,  while  possessing  super-human  strength. 

Extended  reality  devices  are  being  used  in  different  ways  to  try  and  tackle  the 

training  and  servicing  problem,  as  well  as  increase  productivity  across  different  parts 

of  the  plant  including  health  and  safety,  quality  assurance,  and  assembly.  Xbox  Kinect 

and  HoloLens  currently  offer  the  capability  to  interact  with  extended  reality  in  the 

form  of  games.  Certain  companies  like  Tulip  manufacturing  have  already  used  this 

technology  to  enable  operators  to  visualize  digital  twins  and  assembly/inspection 

instructions  using  augmented  reality  supported  by  game  engines  like  Unity  and 

Unreal.  Thus,  adoption  has  already  started  using  current  Wi-Fi  technology. 

A  low  or  no-code  app  development  platform  tailored  to  manufacturers  with  a  great 

user  experience  and  extensive  support  can  be  the  game  changer  in  adoption  of  smart 

manufacturing  applications.  Examples  of  such  platforms  include  CESMII’s  Smart 

Manufacturing  Innovation  Platform. 

The  focus  would  be  interoperable  and  open  access  to  manufacturers  to  enable  for 

the  variety  of  use  cases  that  they  have.  There  are  various  other  platforms  that  address 

this  need  either  generally  or  for  specific  industries,  technologies,  or  manufacturers. 
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With  the  advent  of  these  technologies,  processes  and  business  metrics  and  goals 

would  change.  This  in  turn,  would  lead  to  the  requirement  of  new  skills  and  jobs  to 

enable  this  change.  The  World  Manufacturing  Foundation  shared  the  future  outlook 

on  how  advances  in  computer  hardware  and  software  would  lead  to  a  set  of  jobs  having 

the  most  potential  (Taisch  et  al., 2020).  The  future  roles  would  include  ‘Collaborative Robots  Expert’  who  would  use  AI  and  machine  learning,  and  would  thereby  augment 

the  existing  capabilities  of  robots,  allowing  them  to  decide  on  what  action  to  take  next 

depending  on  how  they  interpret  the  environment.  This  collaborative  robot  expert, 

in  addition  to  the  usual  work  to  define,  install,  configure,  and  maintain  “co-bots” 

integrated  with  factory/enterprise  systems  should  be  knowledgeable  on  how  AI  is 

transforming  and  could  transform  “co-bots”  allowing  them  to  operate  in  its  fullest 

potential. 

According  to  that  report,  AI  coaches  (explainers)  would  be  needed  in  manufac-

turing  organizations.  These  people  would  be  able  to  respond  in  simple  terms  to 

employees’  questions  about  AI.  AI  coaches  have  the  potential  to  increase  awareness 

and  transparency  about  AI  throughout  the  organization,  allowing  workers  to  increase 

trust  on  AI.  Consequently,  these  jobs  would  be  filled  by  people  with  knowledge  on 

data  science,  data  storage  technologies,  development  tools  and  platforms,  AI,  the 

software  development  life  cycle,  management  consulting,  web  development,  and 

computer  networking. 

6 

Conclusion 

One  must  note  that  at  the  fundamental  level,  the  primary  focus  for  improvements  in 

manufacturing  is  always  on  traditional  metrics  that  define  profitability  and  quality, 

namely  defect  rate,  cost,  demand,  productivity,  repeatability,  rates,  flexibility,  and  the 

performance  of  the  supply  chain  in  and  out  of  the  factory.  When  it  comes  to  DMS,  the 

organizational  practices,  digital  technologies,  and  implementation  lessons  or  limita-

tions  are  all  understood  within  the  scope  of  these  metrics.  Moving  forward,  organi-

zations  might  want  to  include  metrics  that  reflect  the  maturity  of  their  transformation 

efforts,  such  as  maturity  model  scores  or  TRL  levels. 

Future  standards  development  should  include  more  open  hardware  and  software 

that  enable  interconnected  CPPS,  should  pave  the  way  for  SMEs  and  OEMs  to 

implement  smart  manufacturing  and  DMS.  Additionally,  societal  changes,  such  as 

remote  work,  reshoring,  political  choices,  and  decisions  made  because  of  the  COVID-

19  pandemic  could  aid  and/or  accelerate  the  adoption  of  smart  manufacturing. 

Limitations  of  this  work  include  that  the  standards  discussed,  and  the  information 

provided  are  only  a  fragment  of  the  content  of  the  specifications  of  the  standards. 

There  would  naturally  be  more  barriers  and  limitations  in  different  industry  verticals 

or  at  different  supplier  hierarchy  levels  or  locations,  and  those  issues  have  not  been 

discussed.  A  very  important  problem  of  how  to  onboard  or  build  transitory  systems  to 

support  legacy  hardware  and  software  has  not  been  discussed.  Moreover,  there  exists 

interdependencies  between  component  technologies  and  at  the  confluence  of  their  use
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cases  lie  true  disruption.  This  idea  deserves  more  attention  and  is  an  area  for  future 

research.  Social,  macroeconomic,  political,  and  legal  factors  which  are  influential 

are  delved  into  at  a  basic  level  and  could  be  discussed  further.  Any  OEM  (Original 

Equipment  Manufacturer)  would  face  different  set  of  issues  that  an  SME  (Small  and 

Medium  Enterprises)  faces,  this  could  be  discussed  further.  The  discussion  on  when 

and  where  the  standards  need  to  be  interoperable  and  connected  and  why  could  have 

been  discussed  further. 

Grillo  (2018)  shared  some  interesting  insights.  A  standpoint  emphasized  by  ABB 

and  supported  by  Ericsson  is  the  servitization  trend  that  is  shifting  the  business  model 

of  most  companies.  Ericsson  is  starting  to  provide  more  services  related  to  the  infras-

tructure,  thanks  to  this  new  5G  era,  and  same  was  for  ABB’s  Mr.  Magnusson  listed 

servitization  as  a  main  consequence  of  the  rapprochement  of  the  company  with  their 

customers.  Some  sample  business  models  include  a  servitization  or  marketplace-

based  businesses,  with  the  focus  of  being  hyperlocal  or  made  to  order.  Licensing 

models  could  change  to  be  usage,  or  subscription,  or  transaction  based.  Any  compo-

nent  technology  be  it  development  environment  containers,  IoT  platforms,  functions 

in  code,  and  particular  software  for  a  use  case  could  all  be  backed  by  a  service  based 

business  model. 
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Digital  Twin 

The  first  concept  covered  in  Digital  Manufacturing  is  Digital  Twin  (DT).  DT  show-

cases  a  virtual  representation  of  any  products,  processes,  and  services.  The  idea  of 

DTs  is  a  reaction  to  the  expanding  digitization  of  item  advancement,  creation,  and  the 

items  themselves.  Today  for  instance,  we  no  longer  discuss  mechatronic  frameworks, 

which  are  independent  item  frameworks;  rather,  our  items  follow  complex  frame-

works  that  satisfy  their  expected  capacities  and  quality,  imparting  through  corre-

spondence  networks  with  different  segments,  items,  mists,  and  administrations.  It  is 

a  computer  program  that  utilizes  truthful  information  to  make  a  simulation  that  can 

predict  how  an  item  or  process  will  perform.  This  idea  requires  the  combination  of 

various  technologies,  including  the  Internet  of  Things  (IoT),  Artificial  Intelligence 

(AI),  and  Software  Analytics. 

 1.1 

 The  Introduction  of  the  Digital  Twin  Concept 

In  2002,  Grieves  used  these  virtual  image  concepts  for  the  first  time  in  a  conference  at 

the  University  of  Michigan  (Grieves, 2019). He  explained  the  ideal  product  lifecycle A.  Singh  ·  J.  Ramkumar  (B) 
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management  and  the  connection  between  real  and  virtual  objects  and  named  it  a  three-

dimensional  model  (Fig. 1).  He  claimed  that  for  Product  Life  cycle  Management (PLM),  anyone  could  use  this  concept.  In  2010,  John  Vickers  of  NASA  described 

Grieves’s  concept  as  ‘DT’.  It  was  specified  that  the  virtual  object  could  contain  all 

the  information  of  the  real  object.  In  Vickers’s  roadmap  report,  he  described  that  the 

DT  concept  has  three  parts:  physical  product,  virtual  product,  and  the  connection 

between  the  two  (Piascik  et  al., 2010).  The  connection  between  the  physical  and virtual  products  is  the  data  flow  between  these  two  components.  He  also  classified 

the  DT  process  into  three  sections  which  are  as  follows.  The  first  section  is  known  as 

digital  master,  created  in  parallel  to  the  product.  It  includes  the  virtual  prototypes  with 

their  simulation  and  behavior  models  along  with  the  variants  and  configurations  of 

the  product.  The  second  part  of  the  process  is  identified  as  a  digital  shadow,  which  is 

reported  to  ascend,  for  example,  with  the  ordering  process  or  the  start  of  production. 

These  real  objects  cast  a  digital  shadow  into  the  virtual  world.  Simple  data  (such  as 

identifiers)  and  more  complex  data  about  the  condition,  production,  maintenance,  or 

usage  can  be  viewed.  The  third  part  is  the  digital  model  which  connects  the  master 

with  the  shadow;  depending  on  the  purpose  of  the  DT,  the  digital  model  (data  set  or 

points  to  be  taken  into  account  to  enable  the  intended  functions  and  their  connections) 

is  established.  Suppose  we  combine  the  necessary  information  of  the  digital  master 

with  data  of  the  digital  shadow,  the  result  is  the  DT  (Saddik, 2018). The  idea  of  DT 

spread  further  in  2017  when  Gartner  named  it  one  of  the  leading  ten  vital  innovation 

patterns.  From  that  point  forward,  the  idea  has  been  utilized  in  an  always  developing 

exhibit  of  modern  applications  and  cycles. 

Fig.  1  Three-dimension  model  for  the  DT.  Adapted  from  Grieves  (2019)
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 1.2 

 Use  of  the  Digital  Twin  Concept 

The  concept  of  DT  technology  is  more  than  just  the  virtual  representation  of  a  physical 

object.  DT  can  be  looked  at  as  a  digital  container  which  unifies  all  the  relevant  infor-

mation  and  data  for  an  organization.  DTs  can  be  applied  to  various  business  processes 

providing  a  dynamic  process  information  flow.  Let  us  take  a  look  at  the  different  use 

case  scenarios  that  would  have  an  impact  on  your  business  processes.  In  engineering 

for  example,  it  helps  in  shaping  the  processes  more  efficiently,  connecting  in  the 

process,  virtual  models  with  real  physical  objects  so  that  new  products  can  be  devel-

oped  with  insights  based  upon  the  behavior  of  existing  products  in  the  real  world. 

DT  allows  you  to  identify  product  errors  in  earlier  product  designs  and  development 

stages,  which  in  turn  reduces  engineering  costs  and  enables  faster  design  cycles  by 

running  what-if  scenarios.  This  means  that  customer  usage  is  reflected  in  DT  and 

fed  into  the  product  development  and  production  processes.  By  creating  a  feedback 

loop  over  the  lifecycle  of  a  product,  DT  will  build  a  stronger  connection  between  the 

engineering  and  the  operational  teams  of  an  organization  (Saddik, 2018). 

DT  permits  us  to  see  how  to  more  proficiently  and  viably  deal  with  the  shop  floor 

through  an  advanced  data  stream  inside  the  entirety  of  the  operational  and  adjusting 

measures.  One  of  the  primary  essential  capacities  DT  can  offer  is  survey  execution 

audits  to  reduce  assembling  expenses.  It  has  assisted  in  getting  better  visibility  into 

all  that  happens  to  the  items  and  improving  all  components  of  the  store  network 

organization.  For  instance,  proprietors  and  administrators  can  utilize  DT  for  their 

calculated  resources  (e.g.,  raw  materials,  material  handling,  supplies  and  deliveries) 

or  track  them  and  streamline  foundations. 

In  marketing  and  sales,  the  technology  helps  in  refining  the  way  to  deal  with  client 

approval,  and  take  a  stab  at  digital  advertising  greatness.  This  can  offer  the  chance 

to  distinguish  new  items  to  help  in  plans  of  action,  dependent  on  item  utilization. 

The  DT  methodology  is  an  I4.0  apparatus  that  would  associate  and  streamline  the 

activities  of  an  enterprise,  opening  the  most  significant  possibilities  of  any  business. 

 1.3 

 Technologies  Used  for  Digital  Twin 

The  lifecycle  of  a  DT  model  has  four  segments;  they  include  initiation,  modelling, 

enrichment,  and  utilization  for  continuous  and/or  repeated  use.  Every  part  of  the 

lifecycle  uses  different  technologies.  The  first  segment  of  the  lifecycle  model  is 

initiation.  In  this  stage,  the  basic  idea  is  to  identify  the  scope  of  DT  to  get  an  idea 

of  the  requirements  (Schützer  et  al., 2019).  For  example,  if  we  want  to  develop  DT 

for  a  3D  printer  with  the  objective  of  predictive  maintenance  of  that  printer.  The 

initial  stage  would  help  in  identifying  the  scope  of  DT,  which  refers  to  the  printer’s 

digital  image  capturing  monitoring  components.  In  the  next  stage,  the  primary  focus 

is  to  provide  better  servicing  at  a  minimum  cost.  First  of  all,  one  needs  to  identify 

the  essential  requirements  for  the  development  of  DTs.  After  identifying  all  the
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requirements,  the  focus  is  shifted  to  modelling,  which  creates  a  digital  world  or  a 

digital  image  for  a  real  object.  DT  is  connected  with  contextual  and  legacy  data  to 

fully  represent  an  object  within  its  environment.  When  the  DT  model  is  prepared  and 

associated,  it  should  be  advanced  for  information,  and  used  to  accomplish  its  aim  of 

full  and  clear  object  representation.  This  leads  us  to  the  essence  of  improvement  and 

use.  Further,  to  receive  information  about  the  physical  object,  it  is  essential  to  build 

a  correspondence  between  the  actual  item  and  DT.  The  gathered  information  should 

be  put  away,  dissected,  and  pictured  to  satisfy  the  plan  of  action  characterized  for 

DT.  Thus,  in  this  phase,  the  accompanying  must  be  considered.  Network  conventions 

and  norms,  security,  middleware,  information  stockpiling,  and  required  information 

science  depending  on  the  application’s  needs.  A  current  DT  is  an  assortment  of 

models,  reproductions  and  operational  information,  heritage  information,  and  many 

more  components.  Hence,  it  is  essential  to  consider  the  board  to  keep  up  clear  records 

of  DT,  as  it  is  simple  to  reuse.  In  summary,  DT  enables  increased  connectivity  between 

organizations,  products,  and  customers  (Porter  &  Heppelman, 2015). 

Clearly,  IoT  sensors  are  essential  for  what  makes  DTs  conceivable.  As  IoT  gadgets 

are  refined,  DT  situations  can  incorporate  more  modest  and  less  unpredictable  arti-

cles,  giving  organizations  extra  advantages.  With  different  programming  and  infor-

mation  examinations,  DTs  can  frequently  enhance  an  IoT  deployment  for  the  most 

significant  productivity,  just  as  they  help  creators  sort  out  where  things  should  go  or 

how  they  work  before  they  are  conveyed.  The  merits  and  performance  of  DT  are  the 

functions  of  its  closeness  of  the  generated  replicant  to  the  physical  object  (https:// 

www.networkworld.com). 

 1.4 

 Applications  of  Digital  Twin  Technology 

Now,  we  present  different  industrial  success  stories  of  DTs  with  their  role  in 

improving  those  businesses.  There  have  been  different  industrial  sectors  where  DTs 

are  implemented;  for  example,  automotive,  retail,  energy  sector,  healthcare,  disaster 

management,  smart  cities,  among  others  (Shaw  &  Fruhlinger, 2019).  DTs  are  used in  the  automotive  business  to  assemble  and  dissect  operational  information  from  a 

vehicle  to  evaluate  its  status  progressively  and  advise  item  enhancements.  In  retail, 

DT  is  used  to  display  and  expand  the  client  experience.  In  the  energy  sector,  DTs 

are  being  used  to  monitor  wind  turbines  or  steam  turbines  to  improve  performance 

for  predictive  maintenance  applications.  In  the  health  and  wellness  sector  efforts  are 

being  made  to  imitate  people  and  their  organs  in  order  to  anticipate  diseases  ahead  of 

time.  As  a  part  of  smart  city  projects,  pipelines,  and  elevators  have  been  connected  to 

their  DTs  to  improve  service  and  their  lifetime.  In  the  telecommunication  sector,  5G 

networks  are  being  mapped  using  DTs  to  optimize  the  performance  of  the  network 

(Saddik, 2018). NASA  uses  DT  technology  for  developing  next-generation  vehicles 

and  aircraft.  GE  is  using  this  technology  to  develop  wind  turbines  and  wind  farms. 

The  objective  of  using  DTs  is  to  optimize  and  monitor  remote  wind  farms.  Maserati 

has  built  up  a  DT  of  the  whole  vehicle  production  with  the  help  of  Siemens.  The

Digital Manufacturing

69

primary  objective  was  to  screen  and  enhance  the  model  interaction;  the  elements 

utilized  include  Siemens  Tecnomatix  for  simulation  of  production  processes,  Tia 

portal  engineering  framework  for  plant  automation,  and  Simatic  IT  for  planning  and 

optimization  of  the  production  processes,  and  Teamcenter  as  the  PLM  backbone 

(Getting  to  market  quickly, 2021). This  technology  helped  Maserati  to  produce  more cars  and  maintain  a  highly  customized  production  line. 

Knapp  et  al. (2017)  mentioned  that  the  major  parameters  of  a  DT  of  laser-based directed  energy  deposition  in  rapid  prototyping  utilize  a  transient,  three-dimensional 

model  that  determines  the  heat  generated  and  speed  areas,  the  rate  of  cooling,  vari-

ables  of  the  solidifying,  and  dimensions.  The  developed  model  is  a  more  effective 

computational  framework  (Knapp  et  al., 2017). 

Mandolla  et  al.  (2019)  proposed  the  concept  of  Blockchain  solutions  using  DT  in aerospace  products  while  developing  a  virtual  replica  of  the  metal  Additive  Manufacturing  (AM)  process.  The  authors  provided  a  logical  set  of  solutions  for  safeguarding 

and  streamlining  DT  data  to  portray  how  Blockchain  could  help  the  industry  to  get  the 

metal  additive  work  done  with  higher  precision.  Furthermore,  the  overall  manufac-

turing  system  could  have  better  connection  using  the  proposed  concepts  (Mandolla 

et  al., 2019). DT  application  in  a  Simulink  environment  is  proposed  by  Cimino  et  al. 

(2019)  to  overcome  the  missing  gaps  in  the  DT  aspects  found  in  literature.  The authors  also  focus  on  the  integration  of  a  DT  with  the  control  of  physical  systems, 

especially  with  the  Manufacturing  Execution  Systems  (MES)  by  considering  the 

production  system  and  services  offered  from  the  different  environments.  The  illus-

trated  practical  implementation  of  DT  posed  the  basis  for  further  improvements  and 

paved  the  way  for  future  research  (Cimino  et  al., 2019; Luo  et  al., 2019). 

Lu  et  al.  (2021)  presented  a  review  on  the  recent  status  and  progression  of  Digital Twin-driven  smart  manufacturing  and  its  potential  impacts,  along  with  a  proposed 

reference  model  which  comprises  of  an  information  model  accompanied  by  data 

processing  and  industrial  communication  technologies  for  the  construction  of  a 

Digital  Twin.  The  paper  also  conversed  seven  crucial  research  issues  on  the  advance-

ment  of  DT  for  smart  manufacturing  (He  et  al., 2018; Lu  et  al., 2020).  Recently, Liu  et  al. (2021)  carried  out  a  comprehensive  analysis  of  the  literature  that  deals with  the  perceptions,  models,  frameworks,  technologies  and  industrial  applications 

of  digital  twin  through  an  ample  search  of  available  databases  as  per  the  proposed 

criteria.  This  paper  provides  a  complete  summary  of  industrial  application  of  digital 

twins  in  the  respective  lifecycle  phases.  The  recommendations  for  the  future  research 

directions  of  DT  and  some  potential  solutions  to  address  the  existing  problems  are 

also  presented  vividly  (Liu  et  al., 2021). 

2 

Additive  Manufacturing 

According  to  Grieves,  proliferation  in  a  wide  range  of  fields  have  been  observed  in 

the  last  three  decades.  Over  the  years,  AM  processes  including  polymers,  ceramics, 

and  metals  have  seen  a  rise  in  demand  as  multiple  materials  have  been  found  to  be  in
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high  proportion  in  objects  such  as  the  one  used  for  advanced  products  and  biomed-

ical  applications.  It  was  with  the  Computer-Aided-Design  (CAD),  rapid  prototyping 

developed  in  the  1980s  to  help  engineers  realize  what  they  had  in  mind,  that  the  first 

form  of  creating  layer  by  layer,  three-dimensional  objects  were  created.  Rapid  proto-

typing  is  amongst  the  first  AM  processes,  a  technology  that  allows  the  creation  of 

printed  parts  and  not  just  models.  CAD  helped  in  product  development  by  reducing 

time,  cost,  and  human  interaction,  and  offered  the  possibility  to  create  shapes  that 

were  otherwise  difficult  for  machines  (Ashley, 1991; Bandyopadhyay  &  Heer, 2018; 

Pa  et  al., 2015;  Studart, 2016). 

The  AM  processes  may  majorly  be  classified  on  the  material  base  used.  Notably, 

the  three  bases  include  liquid,  solid,  and  powder;  it  depends  upon  the  input  required 

for  a  specific  process.  As  mentioned  in  Fig. 2, the  liquid  base  is  used  in  two  ways (i)  by  melting  in  Fused  Deposition  Modeling  (FDM),  and  (ii)  the  polymerization 

in  StereoLithography  (SL)  and  Polyjet.  The  solid  base  is  generally  in  the  form  of 

laminated  sheets  such  as  in  the  process  of  Laminated  Object  Manufacturing  (LOM). 

However,  melting  and  binding  are  the  criteria  in  powder-based  processes  for  Selec-

tive  Laser  Sintering  (SLS),  Laminated  Engineered  Net  Shaping  (LENS),  Electron 

Beam  Melting  (EBM),  and  3D  Printing  (3DP),  Prometal  respectively.  The  solid-

based  processes  are  quite  less  used  in  comparison  to  the  other  processes.  The  emer-

gence  of  laser  technology  in  2004  made  it  possible  to  have  higher  precision  and 

quicker  manufacturing  (Kruth, 1991). Nowadays,  even  advanced  technologies  like 

multi-nozzle  printers  play  a  vital  part  in  deciding  the  speed  and  accuracy  along  with 

Digital  Twinning  which  are  considered  to  be  a  burgeoning  system  for  the  future  of 

the  manufacturing  industry. 

The  Standard  Tessellation  Language  (STL)  file  is  the  standard  and  is  largely 

used  for  all  AM  processes  besides  other  possible  formats.  The  STL  file  creation 

process  mainly  converts  the  continuous  geometry  in  the  CAD  file  into  a  header, 

small  triangles,  or  coordinates  triplet  list  of  x,  y,  and  z  coordinates  and  the  normal 

vector  to  the  triangles. 

Fig.  2  Additive  manufacturing  processes 
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Fig.  3  Classification  of  hybrid  processes  (Roderburg  et  al., 2011) 

The  limitations  associated  with  individual  processes  could  be  resolved  through 

Hybrid  Manufacturing  (HM).  In  this  regard,  several  techniques  such  as  allowing  the 

deposited  material  to  melt  at  various  temperature  conditions  and  mixing  of  different 

materials  during  deposition  are  being  used.  A  substantial  improvement  in  material 

removal  rate,  tool  life,  dimensional  and  geometric  accuracy  could  be  attained  by 

these  processes.  Depending  on  the  requirements,  HM  processes  can  be  carried  out 

either  in  parallel  or  serial  manner.  The  classification  of  hybrid  processes  into  four 

hybrids  and  three  sub-hybrid  types  is  depicted  in  Fig. 3. The  integration  of  more  than one  operation  from  different  manufacturing  technologies  could  be  accomplished  by 

HM,  whereas  the  combination  of  operations  of  single  manufacturing  technology  is 

realized  by  sub-hybrid  manufacturing,  which  is  envisioned  to  overcome  geometrical 

issues. 

The  classification  of  hybrid  processes  can  also  be  done  depending  on  the  working 

principle,  raw  material,  or  free-form  energy.  Hybrid  processes  could  be  defined 

in  different  ways  according  to  International  Academy  for  Production  Engineering 

(CIRP)  (Abdulhameed  et  al., 2019;  Menzies  &  Koshy, 2008;  Roderburg  et  al., 2011; 

Tawakoli  &  Azarhoushang, 2008).  Due  to  the  combination  of  different  manufacturing processes,  HM  has  paved  the  way  for  the  development  of  low-cost  components  when 

compared  to  individual  processes. 

The  geometrical  designs  and  functionality  of  soft  functional  devices  could  achieve 

greater  heights  due  to  the  advent  of  new  technologies  and  materials  in  the  area  of 

AM.  The  soft  materials  having  functional  properties  such  as  shape  memory,  self-

healing,  chromic,  electronic  or  any  combinational  properties  that  could  be  easily 

processed  due  to  the  advancement  in  AM  technology  are  highlighted  in  this  review. 

The  mechanical  and  physical  properties  of  these  soft  materials  are  greatly  influenced 

by  AM.  This  review  also  gives  an  insight  into  the  advancement  of  soft  devices 

in  different  fields  such  as  sensors,  biomaterials,  optoelectronics,  soft  robotics,  and 

energy  harvesters.  High-performance  optoelectronic  devices  and  energy  harvesters 

could  be  attained  by  the  integration  of  active  electronic  materials.  AM  has  the  ability

72

A. Singh et al. 

to  provide  flexibility  in  the  design  and  fabrication  of  lattice  structures  that  involve 

complex  geometries,  and  to  integrate  the  multi-materials  through  a  single  print.  The 

AM  technology  offers  rapid  prototyping,  low-cost  manufacturing,  custom  building, 

and  fabrication  of  complex  geometry  over  other  traditional  manufacturing  methods 

of  functional  materials.  Even  though  many  challenges  are  being  overcome  in  the  field 

of  AM  of  soft  functional  materials  due  to  the  tremendous  efforts  of  various  research 

groups  (Jiang  et  al., 2018;  Ling  et  al., 2020;  Nag  et  al., 2018; Regis  et  al., 2021),  the drawbacks  such  as  limited  printable  materials,  low  printing  speed,  and  limited  use 

of  multilateral  in  AM  still  requires  further  research. 

A  uniform  picture  of  the  existing  nonproprietary  approaches  to  predict  the 

microstructure  and  residual  stress  analysis,  melt  pool  behavior,  and  heat  transfer 

is  exemplified  through  the  numerical  simulation  of  selective  laser  melting  (SLM)  by 

Razavykia  et  al.  (2020). 

The  advent  of  nanotechnology  deals  with  the  matter  at  supramolecular,  molecular, 

and  atomic  scales.  The  new  and  innovative  applications  could  be  accomplished  by  the 

integration  of  AM  with  nanotechnology.  The  nanotechnology  is  capable  of  enhancing 

the  properties  and  ease  the  manufacturing  process  of  AM,  especially  during  the 

fabrication  of  intricate  structures.  This  also  finds  potential  applications  in  the  field  of 

agriculture,  medicine,  space,  and  biological  sciences.  The  incorporation  of  nanotech-

nology  in  AM  has  increased  the  accessibility  and  sustainability  of  the  new  technology 

by  easing  the  material  processing.  The  past  few  years  have  witnessed  many  advance-

ments  in  this  combined  technology  for  numerous  applications  (Challagulla  et  al., 

2020). 

 2.1 

 Additive  Manufacturing  Using  Digital  Twinning 

Among  the  multiple  pieces  of  research,  Knapp  et  al. (2017)  needs  to  be  first mentioned;  they  considered  the  metallurgical  aspects  of  the  material  during  AM 

and  attempted  to  use  DT  to  monitor  those  aspects.  The  parameters  that  in  turn  affect 

the  spacing,  infill  and  strength  of  the  build  were  triggered  in  the  laser-based  AM 

process.  The  model  established  is  three-dimensional  that  determines  the  tempera-

ture,  velocity,  cooling  rate,  solidification  parameters,  and  deposit  geometry.  It  has 

been  mentioned  as  a  first-generation  DT  recourse. 

Recently  in  the  year  2020,  Cai  et  al. (2020)  showed  the  methodology  of  using Augmented  Reality  (AR)  to  conveniently  communicate  between  an  AM  system  and 

their  DT  for  toolpath  and  simulation.  A  prototype  is  developed  using  two  desktops’ 

AM  robotic  arms.  Spatial  relationships  are  determined  using  transformation  matrices. 

The  results  of  the  case  studies  showed  that  position  information  is  retrieved  rapidly 

from  the  physical  system  layout  to  the  DT.  Also,  in  the  same  year,  2020,  Liu  et  al. 

(2020)  proposed  a  novel  framework  for  collaborative  data  management  for  metal AM  systems  using  the  DT  approach.  This  approach  is  shown  in  Fig. 4. Project 

MANUELA  demonstrates  the  implementation  of  this  framework.  The  authors  also 

developed  product  designs  and  optimization  strategies  and  online  layers  to  detect

[image: Image 28]
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defects.  In  general,  edge  computing  is  focused  on  product  lifecycle  stages  at  the 

local  level.  Cloud  DT  stores  the  data  in  the  cloud  and  provides  access  to  the  data 

analytics  algorithms  implementations. 

Product  designers  perform  CAE  simulations  at  Edge  DT  and  the  output  is  uploaded 

to  the  cloud.  Cloud  DT  can  use  product  quality  data  to  perform  design  optimiza-

tion.  Edge  DT  supports  process  planning,  simulation,  and  optimization  during  the 

process  planning  stage.  Again,  the  output  is  transferred  to  Cloud  DT.  During  the 

manufacturing  stage,  a  specific  metal  AM  product  is  developed  in  Edge  DT.  Process 

monitoring  and  control  happen  at  Edge  DT  and  the  processed  data  is  transferred  to

Fig.  4  Conceptual  framework  of  DT-enabled  collaborative  data  management  for  metal  AM 

Adapted  from  Liu  et  al. (2020) 
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the  Cloud  DT.  The  local  database  stores  the  raw  data  for  further  analysis.  During  the 

quality  measurement  stage,  Edge  DT  retrieves  measurement  tasks  from  the  Cloud 

DT.  Machine  operators  perform  the  analysis  and  the  processed  product  quality  data 

is  transferred  to  the  Cloud  DT.  Cloud  DT  data  can  be  accessed  by  different  users  like 

data  analysts,  project  managers,  and  others  to  improve  product  quality  and  efficiency. 

Fabrication  speed  can  be  improved  using  multiple  sensors  and  actuators  for 

concurrent  deposition  of  materials.  Several  studies  have  looked  to  employ  multiple 

sensors  for  extrusion-based  AM.  However,  work  is  required  to  develop  toolpath  plan-

ning  techniques.  The  current  toolpath  planning  methods  have  been  developed  based 

on  mobile  robots.  Operational  constraints  need  to  be  considered  for  process  safety. 

Researchers  have  used  robotic  arms  or  actuators  have  been  introduced  to  develop 

extrusion-based  AM  systems.  Robotic  actuators  are  more  flexible  than  extrusion-

based  AM.  They  provide  multi-actuator  collaboration  and  have  been  used  for  collab-

orative  manufacturing  like  welding  and  product  assembly.  Additionally,  it  may  be 

noted  that  studies  have  also  used  Toolpath  planning  for  collision  avoidance  and 

efficiency  improvement. 

3 

Internet  of  Things 

I4.0  uses  the  Industrial  Internet  of  Things  (IIoT)  to  define  value-added  services  for 

business  and  technology.  Both  the  physical  and  digital  (Phygital)  world  can  be  inte-

grated  using  DT  and  IoT  combined.  DTs  are  the  real-time  digital  counterparts  of  a 

physical  object  or  process,  while  IoT  is  all  about  gathering  data  from  different  sources 

and  connecting  resources.  The  concept  of  both  is  the  same,  which  includes  describing, 

discovering,  and  accessing  resources.  Different  organizations  with  varying  back-

grounds  have  created  multiple  DT  and  IoT  standards,  covering  these  overlapping 

concepts.  An  essential  aspect  of  I4.0  is  its  inter-operability  requirement;  this  barrier 

can  be  solved  by  the  consolidation  of  standards  (Jacoby  &  Usländer, 2020). 

Jiang  et  al. (2021)  analyzed  various  DT  frameworks  focusing  on  Data,  Models 

and  Services  (DMS).  This  framework  defines  the  acquisition  layer  of  the  device 

and  IIoT’s  remote  system  layer  and  it  focuses  on  the  device–DT  application.  This 

approach  has  made  Gas-insulated  switchgear  feasible.  With  this  approach,  access 

to  equipment  by  businesses  is  avoided,  and  it  strengthens  the  synchronization  of 

both  the  real  and  virtual  worlds.  Nevertheless,  some  of  the  common  challenges  in 

an  industrial  site  can  be  the  network  bandwidth,  security,  privacy,  and  cost  of  the 

system  (Ding  et  al., 2019;  Jiang  et  al., 2021; Ning  et  al., 2020; Shi  et  al., 2016;  Sisinni et  al., 2018; Xu  et  al., 2014). Moreover,  there  could  be  transmission  issues,  coupled with  data  quality  and  low  frequency,  which  could  be  additional  challenges.  The 

basic  idea  of  this  framework  is  shown  in  Fig. 5. Using  the  DMS  model,  interactions between  edge  and  cloud  have  been  defined.  Service-oriented  architecture  is  used  for 

the  communication  between  D,  M,  and  S.  DT  Portion  1  (P1)  is  formed  locally  at 

the  acquisition  device/gateway  layer.  DT  Portion  2  (P2)  is  formed  in  the  cloud.  The 

DT  of  the  device  constitutes  P1  and  P2.  The  original  five  layers  are  changed  into

[image: Image 29]
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Fig.  5  The  framework  of  IoT  with  DMS.  Adapted  from  Jiang  et  al.  (2021) three  layers.  These  layers  are  as  follows:  physical  entity,  DT,  and  the  application. 

P1  is  focused  on  edge  computing  using  real-time  data  extraction  and  optimization 

strategies,  while  P2  is  focused  on  developing  multidisciplinary  models  to  support 

business  applications.  The  advantages  of  this  approach  include  the  transmission  of 

large  amounts  of  data,  real-time  processing,  and  security;  importantly,  the  device  is 

completely  isolated  from  the  outside  world. 

Another  research  by  Zhao  et  al.  in  2021  included  a  framework  for  safety  manage-

ment  using  IoT  and  DT-enabled  tracking.  Abnormal  motionless  behavior  is  detected 

and  then  a  self-learning  genetic  position  is  developed  and  a  precise  real-time  loca-

tion  is  obtained.  A  case  study  is  used  for  the  validation  of  the  concept  defined  (Zhao 

et  al., 2021).  Industry  4.0  along  with  improving  digitalization  is  drastically  transforming  industrial  production  by  connecting  the  virtual  and  physical  worlds.  The 

most  important  building  blocks  for  industrial  4.0  are  the  DT  and  the  IoT. 

Current  computation  and  communication  technology  have  evolved  to  allow  us 

to  make  digital  representations  of  physical  systems.  Data  analysis,  virtualization  of 

machinery  control,  and  information  from  the  Internet  are  used  in  industrial  systems. 

A  digital  counterpart  of  a  physical  process  has  many  benefits  like  remote  control, 

easy  management,  and  simulations  of  all  processes  in  a  safe  environment. 

Figure  6  represents  DT  architecture,  the  physical  twin,  i.e.,  the  manufacturing process  IIoT  Gateway  and  the  internal  server  where  DT  would  run  all  the  three 

main  components  of  the  workspace.  The  physical  twin  exchanges  data  in  regular  and 

industrial  communication  protocols.  The  IIoT  Gateway  provides  communication 

between  the  internal  servers  and  PT.  Lastly,  the  internal  server  is  a  computer  that

[image: Image 30]
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Fig.  6  Concept  diagram  of  the  DT  architecture.  Adapted  from  da  Silva  Souza  et  al. (2019) runs  the  simulations  which  provide  a  link  between  the  two  worlds  (da  Silva  Souza 

et  al., 2019). 

Today,  Internet  of  Things  is  incomplete  without  high-data-rate  sensors,  such  as 

video  cameras.  GigaSight  is  an  online  repository  of  crowd-sourced  video  content, 

which  has  a  strong  implementation  of  privacy  predilections  and  access  controls.  The 

demand  for  ingress  bandwidth  into  the  cloud  could  be  reduced  using  VM-based 

cloudlets  that  are  capable  of  performing  video  analytics  at  the  internet  edge.  The 

architecture  of  GigaSight  is  based  on  these  VM-based  cloudlets.  Denaturing  and 

content-based  indexing  are  two  different  forms  of  cloudlet-based  analytics  (Gertner, 

2014;  Gilbert  et  al., 2010; Satyanarayanan  et  al., 2015). 

The  analytic  service  provided  by  cloud-centered  architecture  provide  real-time 

IoT  data  processing.  But  such  analytic  service  does  not  guarantee  real-time  respon-

siveness  and  has  concerns  regarding  business  model  and  data  privacy.  Hence,  it  is 

advisable  to  provide  a  management  service  for  edge  analysis,  by  shifting  the  analytic 

workloads  to  the  edge.  EAaaS,  is  a  scalable  analytic  service  that  can  aid  real-time 

edge  analytics  in  IoT  scenarios.  In  order  to  ease  the  programming  efforts  in  speci-

fying  rule-based  analytic  logic,  a  unified  model  was  proposed  and  a  high-performance 

edge  engine  was  designed  and  implemented.  An  assembly  of  RESTful  web  inter-

faces  is  also  designed  to  simplify  the  access  to  EAaaS  service,  as  well  as  for  the 

flexible  composition  with  external  services,  and  edge  analytic  management  on  cloud 

(Bonomi  et  al., 2012; Davis  et  al., 2004;  Xu  et  al., 2017). 

Smartphones  are  the  commonly  used  electronic  devices  that  execute  intricate 

computational  tasks  at  the  network  edge.  Hence,  research  on  formulating  an  edge 

centric  IoT  architecture  for  smartphones  is  receiving  great  attention.  SMIoT  is  a  novel 

IoT  architecture  whose  provisions  are  preprocessing,  data  capture,  model  deploy-

ment,  evaluation  and  updating  tasks,  which  guarantees  real-time  model  validation. 

Hence,  it  automatically  adjusts  the  changes  in  the  IoT  data  subspace  and  thus  ensures
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the  sustainability  and  reliability  of  the  model  at  the  network  edge.  Finally,  an  IoT  use 

case  is  deployed  for  the  testing  and  evaluation  of  the  proposed  architecture  (Marah 

et  al., 2020; Shahzad, 2017; Wang  et  al., 2019a,  b). 

LoRaWAN  is  a  promising  network  solution  that  has  a  highly  distributed  network 

architecture  that  aggregates  data  into  a  centralized  cloud-based  data  center.  Even 

though  the  data  from  distributed  sensing  sources  could  be  brought  together  to  a 

centralized  cloud-based  data  and  analytics  services  using  such  network  architectures, 

it  doesn’t  provide  edge  analytics.  The  conceptual  architecture,  design,  techniques, 

and  key  principles  of  shared  data  for  edge  analytics  were  studied  by  various  research 

groups,  based  on  which  the  connectivity  of  edge  analytics  to  LoRaWAN  infrastruc-

tures  is  described  through  the  interactions,  main  services,  and  data  models.  They 

even  presented  a  prototype  to  exemplify  the  implementation,  which  is  highly  appro-

priate  for  the  scenarios  in  developing  countries  due  to  the  constraints  in  cost  and 

connectivity  (Cheng  et  al., 2015; Garcia  Lopez  et  al., 2015; Truong, 2018). 

Even  though  big  developments  in  AM  and  IoT  are  able  to  somewhat  define  the 

core  requirements  and  design  principles  in  different  dimensions  of  Industry  4.0, 

small  studies  still  localized  to  the  laboratory  levels  are  not  enough  to  realize  the 

goals  of  Manufacturing  4.0.  An  interlinkage  using  a  multi-level  crossing  framework 

is  required  to  use  the  previous  and  recent  knowledge  for  industrial  implementation. 

This  chapter  presents  a  few  of  the  major  studies  carried  out  in  the  three  fields  and 

explores  a  few  future  research  avenues. 

4 

Summary 

The  new  industrial  revolution  through  I4.0  has  been  bringing  transformational 

changes  in  the  way  manufacturing  takes  place.  Highly  varying  and  dynamic  demand, 

along  with  stringent  competitiveness,  have  made  manufacturing  companies  enhance 

their  productivity  and  efficiency.  Digital  Manufacturing  needs  to  be  carried  out  while 

exploiting  the  concepts  of  Digital  Twins,  Additive  Manufacturing,  and  IoT.  This 

chapter  provided  a  brief  introduction  to  these  concepts,  and  their  interlinkage  has 

been  presented.  Digital  twinning  is  seen  as  a  concept  of  developing  virtual  scenarios 

and  replicas  of  the  physical  system.  Additive  manufacturing  as  a  quicker  and  digitally 

automated  process,  while  IoT  as  a  connector  within  and  across  these  systems  and 

environments.  Importantly,  all  three  play  a  vital  part  in  Digital  Manufacturing.  Thus, 

there  is  a  need  for  multi-cross  level  studies  to  cater  for  the  needs  of  the  industry.  The 

three  concepts  need  to  go  hand  in  hand  to  realize  the  fully  functional  Machinery  4.0 

and  Manufacturing  4.0. 
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1 

Introduction 

Although  Additive  Manufacturing  was  first  developed  in  the  1980s,  it  only  gained 

popularity  within  the  past  decade,  once  the  supporting  technology  and  business 

infrastructure  revealed  its  true  potential  as  an  enabler  for  the  next  generation  of 

industrialisation  (Rayna  &  Striukova, 2016,  2020;  Weller  et  al., 2015). Generally, companies  seek  to  implement  AM  in  their  supply  chain,  for  a  variety  of  reasons 

that  include  faster  time  to  market,  greater  product  customisation,  increased  part-

performance  and  complexity  through  special  designs,  faster  and  more  flexible  manu-

facturing  processes,  higher  material  productivity  (reduced  waste),  as  well  as  reduced 

inventory  and  a  more  simplified  supply  chain  (Gibson  et  al., 2015; Rogers  et  al., 

2016).  As  the  digital  transformation  of  the  industry  continues  to  gather  pace,  those companies  with  a  limited  working  knowledge  of  AM  increasingly  miss  out  on  business  opportunities,  as  well  as  fail  to  secure  their  long-term  future.  This  situation 

is  confirmed  by  the  fact  that  all  major  management  consultancies,  including  the 

Boston  Consulting  Group,  PWC,  Deloitte,  KMPG  and  EY  now  offer  services  to 

assist  with  AM  implementation.  Subsequently,  the  companies  with  the  technolog-

ical  expertise  in  AM  also  want  a  slice  of  the  action  and  they  too  have  established 

AM  consulting  services  (examples  include  EOS  Additive  Minds,  GE  Additive  Engi-

neering  Consulting,  Stratasys  Strategic  Consulting,  and  Siemens  Value-add  Services 

and  Trumpf  TruServices). 

The  aim  of  this  chapter  is  to  understand  what  business  models  exist  for  companies 

in  the  AM  Consulting  Services  industry.  Notably,  to  ensure  success,  AM  consulting 

service  firms  must  maintain  a  thorough  understanding  of  the  (rapidly  evolving) 

market  situation.  To  achieve  this,  substantial  investments  in  terms  of  expertise, 

industry  events  /  training  and  technology  are  required  on  a  regular  basis.  Although

H.  Rogers  (B)  ·  M.  Bugdahn  ·  A.  Prashad 

Nuremberg  University  of  Applied  Sciences,  Nuremberg,  Germany 

e-mail:  Helen.Rogers@th-nuernberg.de 

©  The  Author(s),  under  exclusive  license  to  Springer  Nature  Singapore  Pte  Ltd.  2023 

81

R.  K.  Amit  et  al.  (eds.),  Advances  in  Digital  Manufacturing  Systems, 

https://doi.org/10.1007/978-981-19-7071-9_5 

82

H. Rogers et al. 

the  body  of  literature  on  AM  technology  and  business  case-focused  research  is  now 

quite  extensive,  very  few  papers  to  date  have  actually  focused  on  business  models 

from  the  specific  perspective  of  the  AM  consulting  services  industry. 

2 

Understanding  Business  Models 

As  popularised  by  Osterwalder  and  Pigneur  in  2010,  at  a  basic  level,  a  business  model 

‘describes  the  rationale  of  how  an  organisation  creates,  delivers,  and  captures  value’ 

(Osterwalder  &  Pigneur, 2010).  Although  the  term  has  been  used  widely  in  both academic  and  business  contexts  ever  since,  perhaps  most  notably  by  Zott  et  al.  in  2011 

(Zott  et  al., 2011)  and  Gassmann  et  al.  (2014),  some  confusion  still  remains  in  terms of  exactly  what  this  means.  Osterwalder  and  Pigneur  (2010)  for  instance,  further considered  the  value/customer-oriented  business  model  as  more  ‘outward  looking’ 

than  an  activity/role-oriented  business  model.  However,  Zott  et  al.  (2011)  suggested employing  more  precise  concepts  or  activity-based  themes  (e.g.  the  description  of 

content,  structure  and  governance  of  activities)  to  the  business  model  for  a  more 

unified  approach.  One  could  also  argue  that  the  term  essentially  encapsulates  some 

of  the  key  business  strategies  of  an  organisation.  In  essence,  a  business  model  seeks  to 

describe  in  a  holistic  way  how  a  firm  does  business  (Bocken  et  al., 2014).  Bocken  et  al. 

(2014)  further  explained:  “Business  models  are  concerned  with  how  the  firm  defines its  competitive  strategy  through  the  design  of  the  product  or  service  it  offers  to  its 

market,  how  it  charges  for  it,  what  it  costs  to  produce,  how  it  differentiates  itself  from 

other  firms  by  the  value  proposition,  and  how  the  firm  integrates  its  own  value  chain 

with  those  of  other  firms  in  a  value  network.”  This  view  has  been  reflected  in  a  paper 

from  2020,  by  Bican  and  Brem  who,  following  a  focus  group  with  German  managers, 

found  that  the  ‘business  model’  was  considered  by  these  managers  to  be  the  umbrella 

term  encompassing  all  terminologies  of  digital  business,  specifically  providing  a 

pathway  towards  digital  transformation  (Bican  &  Brem, 2020). Indeed,  according  to Luz  et  al.,  one  of  the  major  reasons  for  firms  to  change  their  business  models  is  to 

ensure  a  smooth  transition  towards  increased  digitalisation  within  their  organisations 

(Luz  Martín-Peña  et  al., 2018). There  are  various  ‘umbrella  terms’  used  in  literature, but  in  our  view,  an  effective  business  model  is  one  that  has  the  potential  to  transform 

the  industry  or  firm  to  which  it  is  applied.  In  this  sense,  the  business  model  canvas 

suggested  by  Osterwalder  and  Pigneur  (2010)  encourages  business  model  innovation, design  possibilities,  implementation  approaches,  including  re-interpretation  of  the 

business  strategy. 

 2.1 

 Business  Models  for  Additive  Manufacturing 

In  terms  of  applying  the  business  model  concept  to  Additive  Manufacturing,  much 

has  already  been  written  and  well  documented  in  previous  studies  e.g.  (Berman, 
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2012;  Flammini  et  al., 2017; Holzmann  et  al., 2020; Montes, 2016;  Piller  et  al., 

2015;  Rayna  &  Striukova, 2016)  and  summarised  well  in  Öberg  et  al.  (2018).  The same  can  be  said  about  understanding  the  implications  of  AM  on  supply  chains, 

both  locally  and  in  a  global  context  e.g.  (Bogers  et  al., 2016; Braziotis  et  al., 2019; 

Rehnberg  &  Ponte, 2018; Rogers  et  al., 2016; Sasson  &  Johnson, 2016;  Strange  & Zucchella, 2017).  A  third  and  rapidly  expanding  area  of  research  focus  concerns  the role  of  AM—including  associated  business  models—in  digital  transformation  e.g. 

(Bican  &  Brem, 2020;  Godina  et  al., 2020; Luz  Martín-Peña  et  al., 2018;  Schallmo et  al., 2017).  Table  1  provides  an  overview  of  these  three  areas,  including  a  brief description  of  the  main  points  of  each  paper. 

i. 

First,  AM  business  models  have  transformed  an  organisation’s  ability  to  adapt 

to,  and  implement  disruptive  innovations,  open  new  revenue  streams,  move 

upstream/downstream  in  business  sectors,  etc.  Despite  the  COVID-19  pandemic, 

AM  service  providers  supported  industry  wide  growth  by  7.1%  in  2020  (Wohlers 

Associates, 2021). This  transformation  has  been  aided  by  the  ability  of  AM  to satisfy  the  demand  of  consumers  who  have  increased  their  involvement  in  the 

service  provision  to  become  ‘prosumers’  (Berman, 2012; Flammini  et  al., 2017; 

Holzmann  et  al., 2020;  Montes, 2016;  Piller  et  al., 2015; Rayna  &  Striukova, 

2016). 

ii. 

Second,  the  effect  of  AM  on  supply  chains  has  been  extensive,  ranging 

from  integrating  customers  in  the  value  creation,  reduction  of  product  devel-

opment/production  lead  time  (leading  to  improved  agility),  increased  mass 

customisation,  localised  manufacturing,  reduced  or  no  inventory  holding  cost 

and  reduction  of  transportation  cost,  etc.  (Bogers  et  al., 2016;  Braziotis  et  al., 

2019;  Rehnberg  &  Ponte, 2018; Rogers  et  al., 2016;  Sasson  &  Johnson, 2016; 

Strange  &  Zucchella, 2017). 

iii.  Third,  digital  transformation  of  business  models  aided  by  AM  bring  accu-

mulated  benefits  of  modern  technologies,  such  as  industrial  communication 


networks,  machine  learning,  Blockchain  technology,  Industry  4.0  (I4.0),  IoT, 

Augmented  Reality  (AR),  Big  Data,  and  cyber-physical  systems.  A  clear  advan-

tage  of  digital  business  models  includes  resource  optimisation,  emerging  from 

the  merger  of  various  technologies  (e.g.,  unlimited  re-usability  of  data  such  as 

flexible  integration  of  customer  data  with  the  real-time  field  information  data 

of  previous  production  for  personalised  quotations)  thereby,  achieving  signif-

icant  cost  savings  in  warehousing  and  logistics,  as  well  as  asserting  digital 

entrepreneurship  (Bican  &  Brem, 2020; Godina  et  al., 2020;  Luz  Martín-Peña et  al., 2018; Schallmo  et  al., 2017). 

3 

Implementing  Additive  Manufacturing  Using  Consulting 

Services 

The  focus  of  this  study  is  to  better  understand  developments  in  the  AM  consulting 

industry  and  a  good  starting  point  is  to  examine  the  provision  of  services  across  the
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Table  1  Summary  of  literature  on  business  models  for  AM 

Focus

Topic

Description

References 

AM  business  model

Potential  of  3D 

Investigates  key 

Rayna  and  Striukova 

printing  technologies 

business  model 

(2016) 

to  change  business 

components  across 

model  innovation 

phases  of  3D  printing 

adoption.  Found  it  has 

potential  to  increase 

value  creation  but  is 

difficult  to  capture 

value 

3-D  printing:  the  new  Assessing  3D  printing 

Berman  (2012) 

industrial  revolution 

as  a  tool  to  cater  to 

niche  segments  with 

summarised  products. 

Reduced  dependency 

on  low  wage  countries 

and  lower  risk  of 

unsold  inventory  will 

boost  its  adoption 

Business  models  of 

Discovering  five 

Holzmann  et  al.  (2020) 

3D  printing  service 

distinct  business 

providers 

model  patterns  after 

qualitative  content 

analysis  and  cluster 

analysis.  These 

patterns  largely 

depend  on  specific  3D 

printing  processes  and 

digital  technologies 

Opportunities  and 

A  shift  towards  local 

Piller  et  al.  (2015) 

Challenges  of 

manufacturing,  despite 

Business  Models 

incurring  higher  per 

with  AM 

piece  costs.  High 

influence  of  user  may 

force  established  firms 

to  redesign  their 

business  models 

Impact  of  3D  printing  Strong  influence  on 

Montes  (2016)

on  new  business 

firms’  value  creation 

models 

and  value  proposition 

due  to  faster  product 

development 

processes.  This 

benefits  disruptive 

businesses  but 

threatens  established 

firms 

(continued)
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Table 1 (continued)

Focus

Topic

Description

References

Identifying  business 

Several  business 

Flammini  et  al.  (2017) 

models  to 

models  can  co-exist  as 

commercialise 

firms  facing 

technological 

uncertainty  might 

innovation 

choose  a  closed 

business  model,  while 

those  venturing  into 

new  areas  might  prefer 

an  open  business 

model  approach 

Additive 

Key  aspects  of 

Öberg  et  al.  (2018) 

manufacturing  and 

management  and 

business  Models 

business  in  context  of 

3DP  are  summarised. 

Further  research  into 

challenges  arising 

from  new  value 

propositions  and 

supply  chain  position 

is  recommended 

Supply  chains

3DP  strategic 

New 3D printing  

Rogers  et  al. (2016) 

deployment 

deployment  strategies 

are  proposed  based  on 

whether  the  supply 

chain  is  centralised  or 

decentralised,  and 

processes  are 

standalone  or 

combinational 

Implications  for 

Businesses  can  choose  Bogers  et  al. (2016) 

supply  chains  due  to 

to  be  in  an  open 

Additive 

environment  while 

Manufacturing 

being  more  consumer 

centric.  A  gradual  shift 

towards  decentralised 

supply  chains  and 

prosumer  approach 

will  be  effective 

Classification  of  3DP  3D  printing  service 

Braziotis  et  al. (2019)

services  and  supply 

providers  are 

chain  implications 

classified  as 

generative,  facilitative, 

and  selective  service 

providers 

(continued)
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Table 1 (continued)

Focus

Topic

Description

References

3D  printing  order

Lower  manufacturing 

Sasson  and  Johnson 

variability  is  identified  (2016) 

as  a  catalyst  to  wider 

adoption  of  3DP.  This 

leads  to  the 

co-existence  of 

traditional  and  additive 

manufacturing 

Reconfiguration  of 

Two  scenarios  may 

Rehnberg  and  Ponte 

global  value  chains 

emerge,  one  in  which 

(2018) 

due  to  3DP 

3DP  co-exists  and  the 

other  where  it 

supersedes  traditional 

manufacturing.  Such 

scenarios  have  lasting 

impacts  on 

geographical  location 

of  manufacturing, 

value  chains  and 

power  relations 

Industry  4.0,  global 

Effect  of  digital 

Strange  and  Zucchella 

value  chains  and 

technologies  on  the 

(2017) 

international  business  location  and 

organisation  of 

activities  within  the 

global  value  chains  are 

examined 

Digital  transformation 

Conceptual 

Definitions  of  digital 

Bican  and  Brem 

framework  of 

terms  are  studied  and 

(2020) 

‘digital’ 

causes  of  innovation 

are  examined,  with 

digital  transformation 

being  the  ultimate  goal 

Servitisation  of 

Digitalisation  and 

Luz  Martín-Peña  et  al. 

manufacturing 

servitisation  are 

(2018) 

mutually  responsive, 

which  allow  for  digital 

business  models  to 

emerge 

Sustainability  in  3DP  Social,  environmental,  Godina  et  al.  (2020)

and  economic  impacts 

are  taken  into 

consideration  while 

investigating  impacts 

of  additive 

manufacturing 

(continued)
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Table 1 (continued)

Focus

Topic

Description

References

Enablers  of  digital 

A  five-phase  approach  Schallmo  et  al. (2017)

transformation 

to  apply  digital 

transformation  can 

give  companies  a 

competitive  edge  by 

restructuring  business 

models 

value  chain.  According  to  Bugdahn  et  al.,  (Bugdahn  et  al., 2019)  companies  use  AM 

consultancies  for  a  variety  of  reasons;  but  essentially,  they  are  as  follows:  the  company 

has  a  general  interest  in  learning  more  about  AM  for  long-term  strategic  reasons 

(e.g.  to  assist  with  digital  transformation)  in  order  to  facilitate  production  of  digital 

prototypes,  and  enable  design  for  AM,  to  make  the  step  change  to  serial  production, 

using  AM  and/or  to  assist  with  managing  their  (expanding)  AM  databases.  Whatever 

the  reasons  are,  various  implementation  challenges  need  to  be  managed,  and  these 

are  discussed  in  the  following  section. 

 3.1 

 Overcoming  Challenges  to  Implementing  AM 

Despite  the  many  advantages  of  AM,  there  are  many  challenges  too;  not  least  in  terms 

of  ramping  up  production,  overcoming  the  initial  investment  costs  and  achieving 

economies  of  scale  (all  of  which  contribute  to  developing  the  business  case  for  AM). 

These,  along  with  other  implementation  issues  have  been  documented  by  most  papers 

on  AM,  including  Chaudhuri  et  al.  (Chaudhuri  et  al., 2019)  from  an  academic  perspective,  and  Holdowsky  and  Wilczynski  from  an  industry  perspective  (Holdowsky  & 

Wilczynski, 2018).  As  is  the  case  with  many  other  step  changes,  implementing  AM 

at  Small  and  Medium  Sized  Enterprises  (SMEs),  can  be  especially  challenging,  as  it 

stretches  their  (limited)  resources  (Martinsuo  &  Luomaranta, 2018). To  tackle  these challenges,  companies  may  elect  to  use  AM  Consultancy  Services. 

Another  factor  to  consider  is  that  accommodating  AM  within  a  company’s 

processes  has  gone  from  being  a  ‘nice  to  have’  to  a  ‘must  have’  in  some  industries, 

such  as  automotive  and  health,  as  they  are  required  to  work  with  other  suppliers  as 

part  of  a  digital  supply  chain.  This  scenario  has  been  described  by  Cotteleer  and 

Snidermann  (Cotteleer  et  al., 2017)  as  adopting  the  ‘digital  thread  of  AM’  (DTAM). 

DTAM  is  an  end-to-end  I4.0  solution  consisting  of  a  set  of  technologies  that  connect 

the  entire  manufacturing  process;  from  scan  or  design  to  analysis  and  simulation, 

through  build  planning  and  fabrication,  to  delivery,  and  end-use  of  the  part.  An  inte-

grated  system  is  able  to  store  and  refer  data  for  as  long  as  it  may  be  needed,  and 

thereby  allows  identification  of  associated  factors,  such  as  design  fails  (and  thus

[image: Image 32]
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Fig.  1  The  digital  thread  of  additive  manufacturing  adapted  from  Cotteleer  et  al.  (2017) the  need  for  modifications).  Figure  1  shows  a  DTAM  for  a  single  part  producing   n number  of  part  units  using  AM  (Cotteleer  et  al., 2017). 

Like  any  current  engineering  product  life  cycle,  a  DTAM  is  woven  together 

following  four  phases;  design  >  build  >  test  >  deliver.  However,  with  the  inclu-

sion  of  AM,  additional  weights  are  considered,  such  as  computing,  feedback  and 

sensing.  The   first  phase   includes  scan/design  and  analyse,  whereby  a  CAD  file  is 

created,  along  with  a  parallel  digital  twin  that  embodies  all  the  data  associated  with 

a  unique  part.  Before  moving  to  the  second  phase,  results  are  obtained  from  the 

traditional  analysis,  and  advanced  multi-physics  modelling  simulation  to  produce 

both  current  and  future  design  of  the  part.  The   second  phase   is  to  build  a  simulation that  translates  the  digital  reference  model  into  machine  instructions,  based  on  in-situ 

sensing  to  produce  a  3D  printed  part.  The  in-situ  monitoring  data  is  incorporated  in 

the  part’s  so-called  ‘digital  twin’  and  also  used  for  part  fabrication  (3D  print  process) 

to  attain  a  high-quality  part  build.  Thereafter,  several  per-part  post-processing  steps 

are  completed  before  the  part  is  actually  ready  to  be  used.  The   third  phase   is  to  test and  validate  the  part  using  a  non-destructive  evaluation  technique  (e.g.,  x-ray,  UV 

dye,  ultrasound,  etc.).  Here,  real-time  testing  is  integrated  into  the  AM  build  process 

that  extends  to  data  verification  and  twinning  of  all  collected  data  produced,  including 

updating  of  the  digital  twin  that  forms  the  ‘body  of  knowledge’  for  the  unique  part. 

 The  fourth  phase   is  to  deliver  and  manage  the  part  ready  to  move  into  field  service using  connected  sensors  that  feed  data  in  the  digital  twin  (Cotteleer  et  al., 2017). This approach  then  allows  manufacturers  to  rethink  information  and  material  flows  along 

their  supply  chains,  as  well  as  identify  future  product  development  requirements.  It 

is  the  implementation  of  such  an  approach  that  is  a  complex  and  challenging  process 

and  may  require  the  assistance  of  a  consultancy  service. 

An  overview  of  the  value  chain  in  the  German  AM  consulting  services  industry 

is  shown  in  Figs. 2  and  3,  based  on  the  research  carried  out  by  Bugdahn  et  al., and  focused  on  the  German  market  (Bugdahn  et  al., 2019). Indicative  examples 

of  market  leaders  in  each  of  these  segments  are  shown,  with  those  offering  corre-

sponding  consulting  services  highlighted.  To  date,  there  are  relatively  few  companies 

competing  in  each  value  chain  segment,  with  the  highest  density  being  found  in  the
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equipment  manufacturers’  segment.  Interestingly,  but  perhaps  unsurprisingly,  most 

of  these  companies  are  also  offering  a  consulting  service.  The  rise  of  ‘one  stop  shop’ 

AM  consulting  services  is  being  driven  by  the  continued  growth  in  AM  implementa-

tion  as  part  of  Industry  4.0  and  the  corresponding  increase  in  mergers  and  acquisitions 

within  this  sector  (Paiola  &  Gebauer, 2020). 
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Fig.  2  Value  chain  of  AM  consultancies  based  on  Holland  et  al. (2018)  and  Rogers  et  al.  (2018) Examples of German Market Stakeholders 
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Fig.  3  Examples  of  German  market  stakeholders  based  on  Holland  et  al.  (2018)  and  Rogers  et  al. 

(2018)
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Large  international  companies,  such  as  Siemens  and  GE,  are  among  the  system 

manufacturers  offering  corresponding  consulting  services  for  their  equipment.  This 

entails,  for  example,  to  provide  tailored  technical  and  strategic  solutions  (GE, 2021). 

GE  in  particular  considerably  strengthened  its  AM  credentials  when  it  acquired 

Arcam  AB  and  Concept  Laser,  two  well-established  AM  system  manufacturers,  along 

with  further  acquisitions  within  the  industry  (GE, 2021). Siemens  is  also  a  major player  and  offers  software  solutions  and  control  units  for  AM  system  manufacturers, 

with  an  end-to-end  consulting  service  (Siemens  Additive  Manufacturing  in  industrial 

use, 2022). To  service  key  clients,  local  representation  is  provided  in  the  three  main markets  i.e.  the  US,  Europe  (especially  Germany)  and  China.  A  summary  of  the  types 

of  consulting  services  offered  by  service  providers  and  manufacturers  is  shown  in 

Table  2. 

To  enable  design  freedom  in  AM,  it  is  common  to  inspect  the  reliability  of  parts, 

and  how  they  will  be  incorporated  in  the  Design  for  Additive  Manufacturing  (DfAM) 

(Velo3D, 2021). In  the  past,  manufacturing  was  restricted  by  legacy  production  techniques  and  design.  DfAM  has  now  unlocked  a  wide  range  of  previously  impossible 

(and  in  some  cases  customer-driven)  shapes  and  associated  installation  options.  These 

in  turn,  lead  to  new  configurations  and  improved  customised  solutions  at  reduced 

cost  (Lopez  Taborda  et  al., 2021; Rosen  &  Kim, 2021). 

Along  with  performance  improvements  brought  about  by  AM,  other  factors  such 

as  time  to  market  entry,  design  cycle  reduction  and  supply  chain  flexibility,  combine 

to  make  a  compelling  case  for  DfAM.  When  considered  together,  these  factors  lead 

the  way  to  reliable  distributed  manufacturing.  It  is  often  argued  that  in  traditional 

manufacturing  set  ups,  ancillary  requirements  (e.g.  what  part-angle  to  build,  sourcing 

of  quality  materials,  certification  requirements,  etc.)  are  the  dominant  factors  from  an 

engineering  perspective,  taking  attention  away  from  performance- and  optimisation-

related  factors,  which  should  in  fact  be  the  primary  focus  (Velo3D, 2021).  With DfAM,  designing  bespoke  systems  or  making  retro-fit  parts  to  enable  greater  reliability  becomes  possible.  This  was  the  case  in  2015  when  the  General  Electric  used 

DfAM  to  3D  print  30,000  LEAP  aircraft  engine  fuel  nozzle  tips,  thereby  yielding 

substantial  costs  savings.  (Additive, 2018). This  case  points  to  the  capabilities  of  AM 

using  a  business  model  driven  by  design  transformation. 

The  potential  for  novel  solutions  in  digital  innovation  using  AM  is  significant 

across  a  range  of  industries.  One  such  case  example  has  been  discussed  by  Perez 

et  al. (2019)  relating  to  the  manufacturing  of  hybrid  rocket  fuel  grains  (HRFG).  Here, a  DfAM-enabled  rocket  fuel  grain  printer  was  used  to  overcome  the  complexities 

of  both  geometric  shape  of  the  engine  parts  and  the  casting  process.  For  these  kinds 

of  projects,  having  an  agile  design  process  is  a  key  determinant  of  a  successful  and 

innovative  business  model.  In  this  sense,  collaborative  online  platforms  have  been 

emerging  to  enable  crowdsourcing  (such  as  GrabCAD,  Thingiverse,  and  Quirky)  and 

community  feedback  systems  for  innovative  design  and  manufacturing  (Hwang  et  al., 

2021;  Zanetti  et  al., 2015). The  ‘crowd’  element  relates  to  the  value  network  offering new  designs,  materials,  and  manufacturing  options.  Thereby,  fully  integrating  the 

network  of  3D  printers  available  to  firms  to  act  as  a  complementary  asset  to  the 

business  model  (Rayna  et  al., 2014).  This  business  model  set-up  is  not  limited  to
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Table  2  Key  AM  consulting  service  companies  in  Germany  based  on  Bugdahn  (2018) 

Services

Company

Consulting  content 

Service  providers

3YOURMIND  GmbH

Service  support  for  industrial 

3DP,  Workflow  consulting  and 

training 

Krause  DiMaTec

Analysis,  AM-workshops, 

optimising  and  construction, 

implementation 

Design  and  engineering 

Siemens  AG  (digital  factory)

The  consulting  kit  covers  all 

software  provider 

relevant  AM  topics—from 

business  evaluation  based  on 

industry  through  to  user  training 

Autodesk

Building  information  modelling, 

Transformation  service,  smart 

manufacturing  service, 

visualisation  service, 

collaboration  and  data 

management  service 

CADFEM

Strategy  consulting,  CAE 

technology  and  process 

consulting 

System  manufacturer

Stratasys  expert  services

Strategy  consulting,  operations 

consulting,  applications 

consulting,  training  and  learning 

EOS

AM  starter-,  sprinter-,  and 

runner  packages,  AM  academy, 

support 

GE  additive

The  additive  journey:  define, 

design,  make,  enable,  qualify 

Trumpf

Smart  factory:  situation  analysis, 

consulting  for  networked 

production,  implementation  of 

machine,  software,  service 

analysis

companies  but  can  also  be  leveraged  by  individuals.  So-called  ‘Fab  Labs’  or  small-

scale  hobby  workshops  offer  ‘open  innovation  friendly’  digital  fabrication  facilities 

to  individuals  using  CNC  routers,  laser  scanners  and  cutters,  as  well  as  3D  printers 

(Lab  &  network, 2022). 
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4 

AM  Consulting  Services  Using  the  Business  Model 

Canvas 

For  this  research,  we  carried  out  nine  in-depth  interviews  with  managers  of  German 

firms  (and  US  firms  present  in  the  German  market),  who  have  experience  with  AM 

consulting  services,  further  details  of  which  can  be  found  in  Bugdahn  (Bugdahn, 

2018).  Suitable  respondents  were  identified  and  approached  at  a  German  AM  industry trade  fair  (Hannover  Messe)  and  arrangements  for  telephone  interviews  were  made. 

The  target  group  was  selected  using  the  following  criteria;  they  were  either  experts 

in  AM  consulting,  managers  at  OEM  or  manufacturing  company  within  the  AM 

industry  or  offering  a  consulting  for  their  AM  software.  In  total  there  were  32  ques-

tions  that  guided  the  discussions.  As  well  as  brief  demographic  data  (company,  loca-

tion,  job  description),  questions  covered  aspects  including  the  types  of  consulting 

services  offered,  global  reach,  target  customers,  the  key  value  proposition  to  clients, 

services  offered  and  planned,  customer  acquisition  and  retention  methods,  critical 

success  factors  and  challenges,  typical  customer  experience  level  in  AM,  duration 

and  scope  of  projects  and  AM  consulting  business  trends.  Following  Osterwalder  and 

Pigneur’s  (Osterwalder  &  Pigneur, 2010)  approach,  a  Business  Model  Canvas  (BMC) for  AM  consulting  services  was  then  proposed,  focusing  on  those  factors  affecting 

the  market  situation  i.e.  market  and  industry  trends,  competitors  and  barriers  to  entry. 

The  relevant  BMC  elements  are  described  in  turn  in  Bugdahn  et  al. (2019),  along  with their  corresponding  challenges  and  opportunities.  Here  we  provide  an  overview  of  the 

key  points  and  discuss  the  implications.  The  cost  structure  and  revenue  streams  have 

not  been  included,  as  these  were  not  specifically  covered  in  the  interview  questions. 

The  prevailing  market  situation  of  the  AM  industry  is,  for  several  reasons,  seen 

as  positive.  First,  as  the  quality  of  printed  parts  has  increased,  so  has  industry  adop-

tion.  This  has  meant  moving  beyond  (just)  prototypes  and  customised  and  niche 

parts,  towards  more  AM  serial  parts  production.  As  to  be  expected,  aerospace,  auto-

motive,  and  healthcare  industry  applications  are  still  leading  the  way  according  to 

the  managers  interviewed.  Despite  barriers  to  entry  being  relatively  high  (owing  to 

initial  high  capital  expenditure  and  experienced,  qualified  personnel),  strong  market 

growth  is  attracting  more  entrants.  For  example,  an  increasing  number  of  ‘print  to 

product’  workflow  companies  such  as  the  Munich-based  Dyemansion  are  emerging 

(see  http://www.dyemansion.com).  An  integral  part  of  their  service  is  to  offer  regional application  consultancy  services  to  assist  (local)  customers  to  move  from  being  AM 

beginners  to  potentially  becoming  serial  manufacturers.  They  even  offer  a  service 

whereby  customers  can  try  out  their  technology  free  of  charge  using  their  own  parts, 

with  Dyemansion  advising  the  best  AM  solution  for  their  specific  parts.  As  more 

new  companies  such  as  these  enter  the  market,  a  future  consolidation  is  expected. 

Based  on  the  interview  responses,  an  AM  consulting  services  business  model 

canvas  is  proposed  (see  Fig. 4), covering  the  key  elements  for  firms  competing  in this  sector. 
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Fig.  4  Selected  elements  of  a  business  model  canvas  for  AM  consulting  services  (Bugdahn  et  al., 

2019) 

The  driving  force  behind  any  business  model  should  be  understanding  the   value 

 proposition. In  this  case,  the  value  offered  by  AM  consulting  services  is  their  knowledge  and  experience  of  the  technology  and  how  to  manage  it  and  up-scale  it.  A 

successful  value  proposition  involves  understanding  the  customer  needs,  which  for 

most  customers  in  this  sector  should  generally  also  align  with  the  more  holistic  aim 

of  digital  transformation.  This  can  be  further  broken  down  into  focusing  on  both  the 

specific  technology  needs  and  the  broader  strategic  needs. 

The  focus   customer  segments   for  the  big  AM  consulting  firms  are  primarily  the 

aerospace-,  automotive-,  and  healthcare  industries.  There  has  also  been  a  growing 

interest  from  customers  from  other  sectors,  such  as  the  jewellery-,  apparel-,  toy-, 

electrical-,  energy  production  and  increasingly  the  construction  industry.  One  driver 

that  all  these  sectors  have  in  common  is  the  need  to  perform  better  in  terms  of 

sustainability.  Successful  application  of  AM  can  directly  contribute  towards  this  in 

terms  of  reduced  material  usage  and  reduced  warehousing  costs  (Bican  &  Brem, 

2020;  Godina  et  al., 2020;  Schallmo  et  al., 2017). 

Successful   customer  relationships   should  be  trust  based,  long-term  and  person-

alised.  AM  consulting  projects  are  carried  out  with  the  aim  of  co-creating  the  final 

outcomes  (products,  services,  and  supporting  processes)  with  the  customer.  As  with 

other  consulting  services,  the  aim  is  to  ensure  or  at  least  encourage  follow  on  busi-

ness,  as  experience  in  AM  grows.  This  is  assured  through  relationship  manage-

ment  services  such  as  (free)  webinars,  check-ins.  and  troubleshooting  consulting 

workshops. 

Market  awareness  and  visibility  is  achieved  via  the  usual   channels  (e.g.  word  of 

mouth  recommendations,  press  releases,  representation  at  trade  fairs,  social  media 

postings,  website,  networking  events,  webinars,  etc.).  Owing  to  differing  technical
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standards  and  customer  experience  levels,  these  channels  need  high  localisation, 

according  to  region  (Europe/North  America/Asia). 

 Partnerships   with  other  service  providers  enables  the  full  range  of  value  chain  activities  to  be  offered  to  end  customers.  For  example,  partnering  with  research  institutes 

such  as  Fraunhofer  Institutes  in  Germany,  could  ensure  being  proactively  involved  in 

further  development  of  input  (raw)  materials  and  hence  enabling  customers  to  stay 

ahead  of  the  curve  in  terms  of  product  and  process  improvements  in  their  industry 

sector.  The  AM  start  up  scene  is  also  very  active  in  all  three  key  regions  and  provides 

further  opportunities  for  joint  ventures  and  associated  partnership  options. 

As  AM  consulting  is  a  knowledge-based  industry,  reliant  on  the  know-how  and 

experience  of  its  professional  staff,  a   key  activity   is  keeping  those  skills  up  to  date  and being  familiar  with  the  latest  trends.  This  means,  for  example,  working  on  cutting 

edge  projects  together  with  universities,  start-up  incubators/accelerators,  and  associ-

ated  industry  research  institutes.  To  facilitate  these  activities,  key  resources   such  as workshop  premises,  pop-up  stores  or  ‘experience  centre’  showrooms  are  required. 

These  can  represent  a  considerable  financial  investment  such  as  the  Siemens  Digital 

Experience  Canters  (present  in  all  major  markets)  which  allow  customers  to  see  real 

time  live  simulations  of  their  products  and  processes,  using  a  so-called  digital  twin. 

This  essentially  combines  the  ‘real’  products  within  the  digital  (factory)  world  and 

allows  Siemens  to  advise  customers  on  their  consultancy  services. 

5 

Discussion  and  Implications 

As  AM  technology  moves  from  a  novelty  towards  becoming  a  cornerstone  of  digital 

transformation,  AM  consulting  services  are  increasing  in  demand.  This  is  because 

many  companies  do  not  have  the  resources  (knowledge,  experience,  skills  or  time) 

to  achieve  this  on  their  own.  Building  up  strategic  relationships  with  customers  is 

a  key  aspect  of  AM  consultancy  as  co-development,  and  customisation  are  desired 

outcomes  for  long-term  success. 

Owing  to  their  global  reach,  large  companies,  such  as  Boston  Consulting,  Accen-

ture,  and  Deloitte  have  advantages  in  the  field  of  management  consulting.  This  has 

led  to  them  establishing  extensive  AM  networks  and  platforms  in  all  major  industry 

sectors  across  the  world.  This  fits  well  with  their  existing  businesses  in  strategy 

and  management  consulting  services.  However,  as  history  has  shown,  the  robustness 

of  any  business  model  depends  on  its  ability  to  be  agile,  and  continue  to  provide 

customer  value.  As  barriers  to  market  entry  continue  to  fall,  the  operating  environ-

ment  in  many  sectors  is  ever  more  unpredictable  and  heterogeneous.  This  requires 

organisations  to  be  able  to  implement  flexible  business  models  and  explore  new 

supply  chain  configurations  to  remain  competitive.  Some  AM  consulting  services 

offer  business  models  that  only  provide  consulting  and  publication  services,  with  no 

customer  ownership  of  hardware  and  software.  Others  extend  their  services  to  also 

include  other  key  services  such  as  maintaining  value  streams  (e.g.  along  economic, 
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environmental,  and  social  lines),  implementing  differentiated  pricing  models,  as  well 

as  managing  partnership  opportunities  and  associated  stakeholder  management. 

As  shown  in  this  chapter,  owing  to  spillovers  and  on-selling,  consulting  services 

accelerate  the  adoption  and  hence  further  development  of  the  AM  industry.  The 

opportunities  created  by  AM  consulting  services  through  closer  customer  relation-

ship  management  lead  to  accelerated  industrialisation  of  AM,  which  in  turn  assists 

customers  in  their  journey  towards  digital  transformation.  This  can  also  lead  to  long-

term  positive  effects  in  terms  of  sales  and  company  image  for  both  parties.  In  essence, 

the  new  business  model  opportunities  arising  from  AM  consulting  services  can  be 

mutually  beneficial. 

6 

Conclusions 

This  study  has  built  on  extant  literature  by  analysing  the  current  state  of  AM 

consulting  services,  using  both  primary  and  secondary  data  from  the  German 

market  as  an  example.  In  summary,  the  findings  indicate  a  clear  trend  towards 

more  consulting  services  within  the  AM  industry.  The  portfolios  of  AM  consultancy 

service  firms  extend  beyond  the  usual  advisory  services,  to  also  encompass  free  AM 

training  events,  certification  workshops,  and  even  longer-term  (and  more  lucrative) 

projects,  such  as  development  of  a  roadmap  for  future  implementations,  developing 

digital  twins  or  even  extending  AM  applications  to  improve  sustainable  operations. 

The  latter  has  the  added  benefit  of  larger  scale  lock-in  opportunities  for  the  firms 

the  consultancies  represent.  A  more  in-depth  investigation  of  how  this  sector  will 

mature,  both  within  Germany  and  across  the  other  major  markets  is  now  warranted. 

More  specifically,  it  would  be  interesting  to  investigate  how  to  customise  business 

models  at  each  value  chain  activity  level,  with  the  aim  of  using  AM  technology  as  a 

key  part  of  an  integrated  strategy  towards  sustainable  digital  transformation. 
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1 

From  Product  to  Service 

 1.1 

 The  Shift  to  Experience  and  Sustainability 

Global  economic  prosperity  depends  on  the  manufacturing  sector,  its  knowledge  and 

skill  base,  and  its  ability  to  produce  a  variety  of  complex  products  faster,  better, 

and  cheaper.  The  World  Economic  Forum  in  its  white  paper  on  economic  growth 

emphasized  upon  manufacturing’s  role  as  a  key  economic  driver  and  investment 

source  for  research,  development,  and  innovation  (World  Economic  Forum, 2018). 

But,  for  the  manufacturing  industry  to  excel,  digital  technologies  must  play  a 

central  role.  Modern  manufacturing  is  a  rapidly  evolving  ecosystem  of  business 

models,  process,  and  technologies.  This  chapter  covers  servitization,  an  already 

popular,  yet  emerging  business  model,  in  which,  customers  do  not  purchase  a  product 

outright,  but  pay  according  to  its  usage  instead. 

Advances  in  digital  technologies  and  resulting  product  innovation  have  driven  a 

fundamental  shift  in  the  way  consumers  buy  and  use  both  products  and  services. 

The  World  Economic  Forum  called  this  shift  the  “experience  economy,”  in  which 

products  evolve  into  services,  while  services  evolve  into  experiences,  with  data  being 

the  foundation  for  delivery  (Digital  transformation  Initiative, 2018).  Servitization J.  Kavanaugh  (B) 
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is  the  offering  model  created  when  products  are  bundled  with  services.  This  has 

manifested  as  a  shift  from  a  one-time  purchase  of  products  to  an  ongoing  subscription 

to  their  service,  and  payment  according  to  usage  or  consumption.  To  stay  relevant, 

product  manufacturers  thereby  need  to  adapt  their  offerings  to  accommodate  this 

macro  change  in  buying  preference. 

While  servitization  is  relevant  for  the  entire  manufacturing  industry,  in  this 

chapter,  we  specifically  focus  on  original  equipment  manufacturers  (OEMs)  in 

sectors,  where  it  is  particularly  important,  like  automotive,  industrial  equipment, 

and  aerospace. 

As  a  quick  introductory  example  of  usage-based  servitization,  consider  the  ubiq-

uitous  comfort  service  of  air  conditioning.  The  offering  focuses  on  the  result,  not  the 

product  itself  that  creates  it.  In  other  words,  air  conditioning  becomes  cooling-as-a-

service  (CaaS).  Beyond  the  merits  of  consumer  comfort,  air  conditioning  accounted 

for  10%  of  global  energy  consumption  in  2019,  and  its  demand  is  only  expected  to 

grow  (Karamitsos  et  al., 2020).  The  Basel  Agency  for  Sustainable  Energy  launched its  CaaS  initiative  as  a  global  pay-per-use  business  model  for  sustainable  cooling 

solutions.  Customers  pay  a  fixed  fee  for  every  unit  of  service  consumed.  When 

implemented  in  Nigeria  for  solar  (off-grid)  refrigeration  for  the  agriculture  sector, 

CaaS  drove  50%  reduction  in  food  waste,  increased  revenue  for  farmers,  and  saved 

460  tons  of  CO2  per  year  by  avoiding  traditional  power  generation  (The  Economist 

Intelligence  Unit, 2019). 

Servitization  aids  sustainable  development,  meeting  today’s  needs  without 

compromising  future  generations  to  meet  their  needs,  according  to  the  United 

Nations.  It  is  a  dynamic  intersection  of  multiple  sub-systems,  with  a  common 

objective  that  optimizes  resources  like  energy  and  fuel  (Glickman  &  Kavanaugh, 

2022). 

 1.2 

 The  New  Business  Model 

Servitization,  therefore,  drives  new  business  models;  in  other  words,  it  aids  the  manu-

facturers  make  money.  In  the  traditional  model,  a  single  large  cash  inflow  occurs  at  the 

time  of  sale,  followed  by  periodic  opportunities  for  product  maintenance.  Typically, 

manufacturers  face  diminishing  revenue  post  sales.  After  a  product’s  initial  warranty 

ends,  many  customers  carry  out  maintenance  services  in-house  or  use  a  third-party 

service  provider.  In  the  servitization  model,  there  is  little  cash  inflow  from  the  initial 

transaction.  Revenue  is  generated  primarily  by  subscription  fees.  Product  makers 

control  subscription  profitability  by  accounting  for  all  resources  required  to  deliver 

the  service  and  managing  cost  across  the  product  life  cycle. 

Consider  the  automotive  industry’s  most  common  adoption  of  servitization,  a 

basic  subscription-based  model.  Figure  1  shows  revenue  streams  in  both  the  traditional  one-time  sale  and  servitization  models,  using  a  Nissan  Altima  car  as  an  example 

for  its  Switch  program,  which  launched  in  the  U.S.  in  early  2020  (Nissan  Motor 

Corporation, 2020). The  program’s  lower  tier  service  covers  vehicle  usage  along with  unlimited  vehicle  swaps,  insurance,  support  and  maintenance,  at  a  flat  rate  of

[image: Image 34]
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Fig.  1  Servitization  and  the  NPV  of  the  cash  inflows  for  Nissan  Altima.  Source   Infosys  research (not  to  scale) 

$699  per  month,  regardless  of  usage  level.  For  comparison,  if  a  consumer  purchases 

a  new  Altima  at  $30,000  and  takes  a  five-year  loan  at  5.27%  interest,  the  monthly 

installment  would  be  $570. 

For  a  consumer,  the  increase  in  the  post-purchase  monthly  payment  is  the  premium 

for  the  transfer  of  the  risk  in  vehicle  usage,  flexibility  to  swap  cars,  maintenance  cost, 

and  additional  benefits.  The  net  present  value  (NPV)  of  both  cash  flows  provides 

a  meaningful  comparison  between  the  two  options.  For  Nissan,  the  servitization 

model  has  a  higher  NPV  than  the  traditional  purchase  model,  especially  if  vehicle 

maintenance  expense  is  equivalent  for  both  options  and  performed  at  Nissan-affiliated 

shops.  In  the  traditional  model,  there  is  additional  risk  of  losing  vehicle  maintenance 

revenue  if  the  customer  takes  the  car  to  independent  shops. 

This  simple  example  illustrates  the  mindset  shift  required  of  manufacturing 

leaders,  as  well  as  additional  risks  to  manage. 

Similar  to  Nissan’s  switch,  many  manufacturers  no  longer  sell  their  products  as 

single  large  transactions.  Instead,  they  bundle  them  along  with  associated  services, 

support,  and  knowledge  required  for  operation.  At  their  end,  customers  pay  for 

the  actual  usage  of  this  bundle,  at  a  contractually  agreed-upon  rate.  This  type  of 

subscription-based  offering  has  been  shown  to  provide  distinct  competitive  advan-

tages,  like  customized  offerings  that  lead  to  customer  relationship  and  loyalty;  differ-

entiation  based  on  product  performance,  not  just  cost;  and  increased  profitability  in 

the  aftermarket  segment.  Historically,  spare  parts  have  been  a  major  profit  driver 

for  OEMs,  often  contributing  more  than  40%  of  profits  from  just  10–20%  of  the 

revenue.  Part  sales  has  also  been  a  steadier  revenue  stream  for  product  makers  when 

considered  across  an  entire  installed  base.  All  the  factors  described  above  lead  to 

servitization  adoption. 

The  term  “servitization”  first  showed  up  in  the  literature  in  1998,  when  Sandra 

Vandermerwe  and  Juan  Rada  used  it  in  their  publication  “Servitization  of  business: 

adding  value  by  adding  services”  (Vandermerwe  &  Rada, 1998).  Baines  and  co-authors  defined  servitization  as  “the  innovation  of  a  manufacturing  organization’s 

capabilities  and  processes  to  shift  from  selling  product  to  selling  an  integrated  product
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and  service  offering  that  delivers  value  in  use”  Servitization:  Revisiting  the  state-of-

the-art  and  research  priorities  (Bigdeli  &  Bustinza, 2017). 

 1.3 

 The  Operating  Model 

While  the  servitization  business  model  articulates  value  proposition  and  moneti-

zation,  the  operating  model  explains  how  an  organization  effectively  organizes  its 

resources  and  delivers  servitization  to  fulfill  its  value  proposition  (Fig. 2).  The  manufacturer  is  responsible  and  accountable  for  ongoing  product  monitoring  from  sale  to 

end  of  life.  The  ecosystem  includes  suppliers,  dealers,  and  other  external  partners, 

and  provides  spare  parts  and  necessary  services,  such  as  planned  maintenance  and 

unplanned  repair  work.  For  servitization  to  be  profitable,  a  product  needs  to  perform 

per  contractual  service  levels  and  budget.  Price  points  are  calculated  by  considering 

market  limits,  internal  costs,  and  target  margin.  Since  many  of  these  criteria  are  future 

costs,  manufacturers  need  to  apply  scientific  and  risk-based  modeling  techniques  to 

maximize  accuracy  of  their  estimates. 

In  fact,  the  servitization  concept  is  not  new.  Xerox  pioneered  servitization  in  a 

pay-per-page  business  model  for  its  printers  and  photocopiers  in  the  1960s  (Visintin, 

2014).  Rolls-Royce’s  Power-by-the-Hour  initiative  for  aircraft  engines  is  more  than half  a  century  old,  and  at  the  time  of  this  writing,  it  still  offers  airlines  a  pay-per-use  option.  Nearly  half  of  Rolls-Royce’s  revenue  is  generated  through  this  busi-

ness  model.  Rolls-Royce  shared  with  the  authors  how  recent  advances  in  digital 

technologies  have  continued  to  improve  its  Power-by-the-Hour  program. 

Fig.  2  Servitization  value  delivery  model  for  aircraft  engines.  Source   Infosys  analysis 
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Rolls-Royce  Power-by-the-Hour 

Based  on  a  circular  business  model,  Power-by-the-Hour  is  Rolls-Royce’s 

pioneering  approach  to  engine  maintenance  management,  and  it  forms  the  basis 

of  the  company’s  market-leading  CorporateCare®,  TotalCare®,  and  Mission-

Care®  services.  Invented  in  1962  to  support  the  Viper  engine  on  the  de  Havil-

land/Hawker  Siddeley  125  business  jet,  the  Rolls-Royce  trademark  service 

provides  a  complete  engine  and  accessory  replacement  service  on  a  fixed-cost-

per-flying-hour  basis.  This  aligns  the  interests  of  both  the  manufacturer  and 

the  operator,  which  only  pay  for  engines  that  perform  well. 

The  application  of  digital  technologies 

With  multiple  sensors  on  the  engines  and  the  ability  to  transmit  data  after  (or 

even  during)  flights,  Rolls-Royce  has  been  at  the  forefront  of  IoT  (Internet  of 

Things)  since  1970s,  before  the  term  was  even  coined.  Sensor  measurement  is 

an  essential  element  to  understand  engine  health  and  to  proactively  address  any 

issue  that  may  impact  airline  operations  and  aircraft  availability.  Digitization 

advances  helped  Rolls-Royce  advance  its  Big  Data  and  cloud  computing  capa-

bilities,  which  in  turn,  drove  improvements  in  predictive  maintenance.  Other 

technology  advances  also  facilitated  the  development  of  additional  revenue-

generating  services  to  their  care  store.  Historically,  engine  maintenance  was 

scheduled,  using  assumptions  that  applied  equally  to  all  engines.  The  amount 

of  engine  data  available  from  engines,  aircraft,  and  their  operating  environ-

ment  (weather  and  atmospheric  contaminants)  has  increased  dramatically  over 

the  past  two  decades,  as  has  the  available  computing  power  to  process  this 

data.  This  in  effect,  has  enabled  Rolls-Royce  to  optimize  maintenance  activity 

for  each  individual  engine.  The  result  is  reduced  maintenance  for  customers, 

together  with  increased  aircraft  availability  and  reliability. 

Business  impact  and  commercial  arrangements 

Rolls-Royce  Care  services  provide  multiple  efficiency  and  availability  bene-

fits:  better  time  on  wing,  better  availability,  and  better  customer  outcomes. 

Since  Power-by-the-Hour  is  a  performance-based  model,  the  airline  and  Rolls-

Royce  mutually  benefit  from  these  improvements.  Blue  Data  Thread  is  the  IoT 

connectivity  that  integrates  the  aircraft  engine  with  the  airlines  to  ensure  that 

performance  data  is  available  in  the  most  efficient  way.  SITA  is  the  central 

organization  that  manages  airlines  and  airports,  and  it  operates  a  brokering 

platform  that  consolidates  data  collected  across  airlines,  equipment  makers, 

airports,  and  digital  service  providers.  Rolls-Royce  prepares  its  invoices  based 

on  estimated  flying  hours  on  an  annual  basis,  and  then  reconciles  the  invoices 

each  month  based  on  actuals  for  electronic  customer  billing
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The  Infosys  Knowledge  Institute  conducted  a  study  with  nearly  70  discrete  manu-

facturing  executives  from  nine  countries,  yielding  several  insights  relevant  to  serviti-

zation.  In  spite  of  OEMs  publicly  professing  significant  interest,  revenue  share  from 

servitization  remains  10%  or  less  for  75%  of  the  study  participants.  What  explains  this 

apparent  inconsistency,  and  how  can  organizations  increase  the  revenue  generated 

through  servitization? 

Servitization  has  grown  from  basic  time-based  models  to  ones  based  on  usage, 

outcomes,  and  solutions.  The  examples  discussed  earlier  in  this  chapter  were  flat 

subscription-based  and  actual  usage-based  models.  As  a  more  sophisticated  model, 

General  Electric  offers  outcome-based  usage  models  for  turbines  in  the  power 

industry  (Kelly-Detwiler, 2017).  GE  relies  on  the  potential  of  digital  technologies, along  with  GE’s  own  advanced  capabilities  to  guarantee  outcomes  for  its  customers. 

GE  expects  better  margins  in  this  model,  because  performance  risks  are  greater,  and 

the  company  is  responsible  for  these  risks.  Digitization  provides  visibility  to  the 

power  plant  operations  to  create  an  availability  forecast  and  reduce  the  potential  for 

unplanned  outages.  While  being  promising,  this  new  outcome-based  model  has  not 

really  achieved  market  dominance.  From  our  research,  the  traditional  new  product 

sales  still  continue  to  dominate  as  the  most  popular  business  model  across  industries. 

However,  popularity  of  traditional  product  sales  has  been  narrowing,  and  is  followed 

by  servitization  (subscription-based)  models  and  then  by  platform-based  models. 

The  preceding  overview  provided  a  starting  point  to  consider  servitization  and 

its  role  in  an  enterprise.  In  the  rest  of  this  chapter,  we  cover  a  series  of  topics 

that  go  into  more  detail  on  each  major  servitization  component.  We  start  with  a 

framework  to  assess  revenue  opportunities  at  each  product  life  cycle  stage.  The 

framework  is  followed  by  an  operating  model  for  manufacturers  to  orchestrate  the 

resources  required  to  achieve  servitization.  That  is  followed  by  servitization  orga-

nization  structure,  digital  technologies,  and  the  delivery  chain  required  for  last-mile 

implementation.  The  physics  of  servitization  section  looks  at  the  demands  placed 

on  the  factory  and  supply  chain,  and  heuristics  to  manage  them.  We  conclude  the 

chapter  with  a  decision  matrix  for  those  seeking  to  implement  servitization,  along 

with  our  recommendations. 

2 

A  Strategic  Framework  for  Servitization 

Product  makers  in  a  traditional  business  model  have  two  sources  of  revenue:  (1) 

product  sale,  and  (2)  aftermarket,  the  services  and  spare  parts  sale  from  installation 

until  the  end  of  life,  which  includes  extended  warranties.  Visibility  between  a  product 

and  a  product  maker  typically  disappears  after  installation  and  commissioning,  or 

after  warranty  expiration.  In  their  Harvard  Business  Review  article  “Winning  in 

the  Aftermarket,”  Morris  Cohen  et  al.  explained  how  the  aftermarket  segment  can 

be  a  lucrative  source  of  profit  (Cohen  et  al. 2006).  It  is  cheaper  to  grow  revenue from  the  sale  of  bundled  products  and  services  to  existing  customers  than  to  find  new
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Fig.  3  Servitization—revenue  across  the  product  life  cycle.  Source   Infosys  analysis customers.  However,  to  benefit  from  aftermarket  and  retain  customers,  manufacturers 

need  to  provide  services  as  promised,  through  an  efficient  operating  model. 

Traditional  business  models  reinforce  the  temptation  to  treat  the  interaction  with  a 

customer  as  a  transaction,  instead  of  as  an  opportunity  to  build  a  relationship.  Further, 

there  is  no  guarantee  that  a  customer  would  return  to  the  original  equipment  maker 

to  purchase  services  and  spares.  Thus,  it  may  be  affirmed  that  third-party  spare  parts 

providers  create  a  revenue  leakage  for  OEMs. 

Servitization  offers  a  relationship,  rather  than  transaction-based  arrangement  with 

customers.  This  is  an  opportunity  for  mutually  beneficial,  contractually  bound, 

lifecycle-long  collaboration  between  manufacturers  and  customers.  While  the  large 

upfront  transaction  value  is  absent,  servitization  generates  revenue  at  each  stage  in  the 

product  lifecycle.  Figure  3  shows  the  stages  in  the  product  life  cycle  and  opportunities for  revenue  at  each  stage,  enabled  by  servitization. 

Servitization  is  also  referred  to  as  a  “product  service  system”  (PSS).  As  defined 

by  Goedkoop  et  al.,  PSS  is  a  “marketable  set  of  products  and  services,  jointly  capable 

of  fulfilling  a  client’s  need.”  It  can  be  provided  by  a  single  firm  or  by  an  alliance  of 

firms  in  partnership  (Cohen  et  al., 2006). Kohtamäki  et  al.  defined  servitization  as  “the transition  toward  smart  product-service-software  systems  that  enable  value  creation 

and  capture  through  monitoring,  control,  optimization,  and  autonomous  function” 

(Goedkoop, 1999). 

An  individual  manufacturer  is  challenged  to  provide  an  entire  set  of  offerings  in 

servitization.  In  turn,  this  increases  the  rationale  and  mutual  interest  for  suppliers, 

along  with  other  partners  to  support  manufacturers  to  create  an  ecosystem  that  effec-

tively  serves  the  customer.  Below  is  a  list  of  potential  revenue  streams  for  each 

product  life  cycle  stage. 

New  product  design:  Customer  involvement  from  the  earliest  product  life-

cycle  stages  ensures  that  their  inputs  are  included  in  the  product  design.  When 

Schiphol  Airport  in  Amsterdam  for  instance,  declared  energy  consumption  reduc-

tion  a  strategic  priority,  its  leadership  reimagined  their  Lounge  2  renovation  project 

as  an  energy  conservation  initiative.  The  airport  collaborated  with  lighting  systems 

provider  Signify  to  implement  its  Light-as-a-Service  business  model.  Instead  of 

purchasing  physical  lighting  units,  the  airport  bought  lights  under  a  five-year  contract. 

The  airport  paid  a  monthly  service  fee  that  included  energy  and  maintenance  costs. 
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By  measuring  and  incenting  usage  rather  than  equipment,  the  airport  reduced  power 

consumption  by  50%  (Kohtamäki  et  al., 2019). 

Plan:  During  the  plan  stage,  life-limited  parts  (LLPs)  are  designed  per  specifica-

tions  that  translate  defined  limits  into  geometry,  features,  materials,  and  treatment 

processes.  These  boundaries  can  be  measured  in  terms  of  time  or  the  number  of  usage 

cycles.  Incorporating  replacement  patterns  into  design  enables  customers  to  install 

and  implement  well-planned  part  replacements  at  specific  frequencies,  optimizing 

operational  uptime. 

According  to  the  Federal  Aviation  Authority’s  (FAA’s)  regulations,  LLPs  have 

a  mandatory  replacement  limit  specified  in  the  design.  For  example,  GE  Aviation’s 

TRUEngine  LLP  program  has  established  life  limits  for  critical  engine  components 

and  the  overall  system  (Circular  Lighting  for  a  Sustainable  Future, 2021). These parts  are  subject  to  rigorous  engineering  review  and  audit  for  their  airworthiness. 

Thorsten  Wuest  et  al.  referred  to  such  an  arrangement  as  “midlife  upgrade  of 

capital  equipment”  in  their  publication  on  servitization-enabled  strategies,  as  an 

alternative  to  traditional  equipment  replacement  (Khan  et  al. 2019).  Midlife  upgrades extend  the  useful  life  of  products  by  upgrading  critical  parts  or  subsystems  in  response 

to  specific  triggers  in  the  product  performance,  market,  or  environment.  General 

Electric’s  GE  13E2  gas  turbine  initially  had  a  planned  life  of  25  years.  After  upgrades 

to  its  blades,  compressor,  and  fuel  burners,  the  turbine  exceeded  its  initially  planned 

design  life  approximately  three-fold.  Rapid  development  of  new  versions  for  these 

critical  parts  also  helps  GE  overcome  the  sale  of  counterfeit  spare  parts  in  the  market. 

Source:  Manufacturers  and  suppliers  collaborate  to  ensure  the  supply  of  purchased 

parts,  specifically  intended  for  use  as  spares  and  consumables,  and  support  the 

services  provided  by  technicians  at  customer  premises.  A  revenue-sharing  partner-

ship  with  the  manufacturer  gives  suppliers  the  incentive  to  focus  on  servitization  as 

a  business  line. 

Industrial  machine  maker  Trumpf  announced  in  2020  a  pay-per-part  business 

model  for  laser-cutting  machines  (GE  aviation  announces  new  TRUEngine  LLP 

Designation, 2013).  This  program  enabled  customers  to  use  the  machine  without purchasing  or  leasing  it  by  paying  a  pre-agreed  price  for  each  sheet  metal  part  that 

is  cut.  Munich  Re  was  the  insurance  partner  that  financed  the  machine,  and  bore  the 

risk  associated  with  the  investment.  Steel  distributor  Klockner  &  Co.  provided  the 

raw  material  in  this  servitization  business  model.  Note  the  diverse,  non-traditional 

set  of  partners  in  this  ecosystem  that  emerged  to  provide  the  end  service  (laser-cut 

steel)  to  the  customer. 

Make:  Manufacturing  can  be  order-specific,  customizing  features  per  customer 

requirements.  When  product  customization  happens  at  a  large  scale,  it  is  referred  to 

as  mass  customization.  Yinan  Qi  et  al.  reported  that  although  the  direct  effect  of  mass 

customization  capability  on  servitization  is  not  significant,  it  improves  servitization 

indirectly  through  product  innovation  capability  (Qi  et  al. 2020).  Manufacturers should  develop  these  capabilities  simultaneously  when  implementing  servitization, 

according  to  their  study  findings. 

Manufacturing  has  moved  beyond  making  a  physical  product  with  a  digital 

wrapper  to  where  software  is  a  significant  contributor  to  the  overall  value.  Software
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is  embedded  with  the  product  to  improve  functionality,  and  also  establish  connection 

to  a  remote  central  cloud  (Khan  et  al., 2019).  The  increased  software  component  also increases  the  types  of  product  testing  required  to  ensure  quality  and  cyber-security. 

Deliver:  Servitization  needs  on-demand  and  flexible  logistic  services  to  deliver 

the  finished  product  and  its  spare  parts  to  end  customers.  Digital  platforms  help 

consolidate  shipments.  IoT  provides  real-time  tracking  of  the  location  and  status  of 

shipments.  Installation  upon  delivery  can  be  performed  by  partners  knowledgeable 

in  the  product,  with  incentives  for  timely  service  and  adherence  to  quality  standards. 

Service  and  return:  Once  a  product  is  installed,  the  service  contract  guides  the 

operational  relationship  between  the  product  maker  and  the  customer.  It  includes 

the  service-level  agreements,  commercial  terms,  and  legal  obligations  for  both 

parties.  Servitization  requires  connected  products,  which  provide  manufacturers  with 

a  regular  stream  of  performance  data.  This  data  provides  the  digital  raw  material 

from  which  to  mine  insights  for  further  product  benefits  and  efficiencies,  potentially 

benefitting  both  product  maker  and  customer.  When  a  product,  sub-system,  or  a 

component  part  has  reached  the  end  of  its  useful  life,  it  can  be  retrieved  for  reuse  or 

recycling,  enabling  a  circular  business  model  and  greater  sustainability. 

Kaeser  Compressors  for  instance,  offer  an  operating  model  in  which  its  customers 

receive  the  requested  quality  and  quantity  of  compressed  air  at  an  agreed-upon  price 

per  cubic  meter,  without  any  equipment  investment  (Pay-per-part, 2020). Kaeser 

analyzes  the  customer’s  compressed  air  requirement,  and  then  builds,  installs,  and 

operates  the  compressor  in  a  servitization  model.  The  company  uses  telemetry  for 

remote  monitoring,  along  with  a  centralized  service  center  and  logistics,  along  with 

a  service  network  to  ensure  the  supply  of  compressed  air  according  to  the  contract. 

 2.1 

 The  Propensity  for  Servitization 

The  transition  to  servitization  is  not  easy  for  organizations  used  to  the  sale  of  new 

products  as  its  primary  revenue  source.  Servitization  adoption  is  still  in  its  initial 

stages,  and  most  companies  do  not  report  revenue  share  from  subscription-based 

business  models. 

To  understand  manufacturers’  progress  on  their  servitization  journeys,  we  studied 

current  adoption  and  planned  servitization  investments.  Some  of  the  tangible  invest-

ments  include  hardware,  technology  infrastructure,  and  product  features.  Intan-

gible  investments  include  employee  skill  development,  customer  training,  and  brand 

building.  Based  on  respondent  data,  we  segmented  the  scale  dimension  into  early 

stage  and  unit-level  implementation.  Early  stage  included  companies  that  have  not 

yet  started,  those  in  solution  evaluation  and  pilot  implementation.  Unit  level  imple-

mentation  referred  to  those  that  have  implemented  in  at  least  one  business  unit  or 

region,  or  an  enterprise.  Planned  servitization  investment  is  broken  into  two  groups: 

increase  in  spend,  and  same  level  of  spend  or  decrease.  This  segmentation  approach 

yields  a  2  × 2  framework  for  servitization  propensity  (Fig. 4). 

The  following  are  the  four  categories  of  servitization  propensity:
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Fig.  4  Servitization  propensity.  Source   Infosys  research

Inspired  veterans  have  implemented  servitization  in  at  least  one  business  unit, 

possibly  enterprise-wide,  and  plan  to  increase  short-term  investment  in  servitization. 

As  noted  earlier,  servitization  is  the  most  important  business  model  for  these  compa-

nies,  contributing  to  a  revenue  share  of  more  than  10%,  even  up  to  50%  in  some  cases. 

Customers  expect  flexibility  to  choose  combinations  of  products  and  services  as  the 

top  reason  to  sign  up  for  servitization.  Companies  with  asset-intensive  products  like 

Rolls-Royce  and  GE  Energy  tend  to  be  in  this  category  (Tables  1  and  2). 

Considerate  practitioners  have  achieved  some  scale  in  their  servitization,  but 

have  no  plans  to  increase  servitization  investment  in  the  near  future.  Their  customers 

prefer  subscription  because  of  the  high  cost  of  traditional  product  maintenance. 

Premium  automobile  companies  like  Mercedes-Benz  and  BMW  that  began  servi-

tization,  but  slowed  it  down,  belong  to  this  category  (see  Table  3).  They  expect  to re-launch  or  reinvest  in  subscription-based  services  after  analyzing  outcomes  from 

their  initial  launch  and  incorporating  the  learning. 

Excited  starters  are  in  the  initial  stages  of  servitization  and  plan  to  increase 

investment  in  the  coming  year.  Automotive  OEMs  like  Maruti  Suzuki  in  growing 

markets  like  India,  as  well  as  those  with  successful  pilot  launches  like  Volvo  and 

Porsche,  are  in  this  category. 

Cautious  initiates  are  still  in  the  early  stages  of  servitization  with  plans  for 

similar  or  even  less  servitization  investment  for  the  coming  year,  due  to  perceived 

lack  of  market  interest.  Their  primary  reason  to  test  servitization  is  to  leverage  digital 

technologies.  Product  segments  like  consumer  durables  (home  appliances)  fit  into 

this  category. 
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Table  1  Servitization  adoption  by  region 

U.S

Europe

India 

Servitization 

revenue  share 

(%  of  revenue) 

Servitization 

Minor:  value-added  service 

Major:  strategic, 

Major:  strategic, 

level 

(32%) 

business  critical 

business  critical 

initiative  (39%) 

initiative  (40%) 

Servitization 

Enterprise-wide  at  scale;  in 

Enterprise-wide  at  scale

Implementation  in 

scale 

one  business  unit  or  region 

one  business  unit  or 

region 

Manufacturer 

Customer  need

Differentiate  offering; 

Customer  need 

servitization 

leverage  digital 

rationale 

technologies 

Customer 

Initial  capital  investment  due 

Initial  capital  investment  Customization  of 

servitization 

to  high  price  of  products 

due  to  high  price  of 

product-service 

rationale 

products 

bundle 

Primary 

Organizational  structure  of 

Change  management  for  Change 

challenge 

business  units 

new  revenue  stream 

management  for 

new  revenue  stream 

 Source   Infosys  research  (%s  are  share  of  study  participants  choosing  that  option) 

Table  2  Organizational  structures  for  servitization 

Organizational 

Characteristics

Servitization  fit

Examples 

structure  type 

Tribe

A  tribe  has  empowered 

Early-stage, 

Startups 

teams  in  an  informal 

art-of-the-possible 

setup,  with  a  focus  on 

planning 

innovation  to  create  new 

products,  some  of  which 

may  be  futuristic 

Adhocracy

Adhocracy  promotes 

Pilots  and  small-scale  Toyota  Kinto 

flexibility,  with  a  focus  on  projects 

design  and  engineering  of 

products  for  which  there 

is  market  demand 

Market

Market-facing  teams 

Large-scale 

Rolls-Royce 

scale  up  pilots  to  take 

implementations 

Power-by-the-Hour 

them  to  a  wider  market 

and  customize  them  to 

match  customer  demand 

Efficiency

Process-based 

Servitization  as 

Xerox  Document 

organizations  focus  on 

primary  revenue 

Management  System

proven  technologies  with 

stream 

repeatability  and 

efficiency  for  cost  control 
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Table  3  Servitization  at  leading  automotive  OEMs 

OEM

Program  name

Origin 

Organization 

Details

Status  at  time 

design 

of  writing 

BMW

Access  by  BMW

2018

BMW  Financial  Two  tiers: 

Canceled 

Services  to  bear  $2,000  and 

once  pilot 

the  cost 

$3,700 

program 

monthly 

reached 

program 

capacity  limit 

piloted  in 

Nashville, 

Tennessee, 

U.S.A 

Cadillac

Book  by  Cadillac

2017

Direct  model 

$1,500  a 

Canceled  in 

leading  to  high 

month  for 

2018. 

overhead  cost 

access  to  10 

Re-launch 

vehicles, 

expected 

piloted  in 

involving 

Dallas,  Las 

dealers 

Vegas,  and 

New  York, 

U.S.A., 

during  launch 

Ford

Canvas

2016

Sold  as  separate  Launched  in 

Sold  to 

unit 

San 

vehicle 

Francisco, 

subscription 

U.S.A 

app  Fair  in 

2019 

Jaguar  Land 

Pivotal

2018

Backed  by 

Initially 

Re-launch  in 

Rover  (JLR) 

JLR’s  venture 

launched  as 

2020  with  a 

capital  and 

Carpe  for  a 

cap  on  miles 

mobility  arm 

12-month 

driven, 

period  with 

replacing 

no  deposit 

Carpe  with 

no  cap 

Maruti  Suzuki

Subscribe

2020

Partnership 

Pilot  launched  Plan  to 

with  Orix  for 

in  8  Indian 

extend  to 

financial 

cities  with 

40–60  cities 

services 

partner  Orix, 

in  two  to 

for 

three  years 

12–48-month 

given  the 

use 

positive 

response 

Mercedes-Benz 

Collection

2018

Collaboration 

Launched  in 

Canceled 

between 

Atlanta  on 

after  two 

Mercedes-Benz 

pilot  basis, 

years  due  to 

U.S.A.,  the 

extended  to 

poor  sales

Financial 

two  more 

Services  unit, 

cities  in 

and  dealers 

U.S.A 

(continued)
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Table 3 (continued)

OEM

Program name

Origin

Organization

Details

Status at time

design

of writing

Porsche

Drive-Subscription 

2014

Smart  Mobility 

Launched  in 

Covers  five 

Services  team 

Stuttgart.  In 

cities,  with 

U.S.A., 

healthy 

started  in 

demand 

Atlanta,  later 

leading  to 

extended  to 

expansion 

Los  Angeles 

plans 

in  2020.  Two 

levels:  $1,500 

and  $2,600 

per  month 

Toyota

Kinto

2020

Toyota  Europe 

New  brand  to 

Gamification 

and  Financial 

launch 

to  incent  safe 

Services  joint 

mobility  as  a 

driving 

venture 

service  across 

behavior 

Europe 

using  point 

system 

Volvo

Care  by  Volvo

2017

New  business 

12-month 

Small 

unit  within 

subscription 

changes  to 

Volvo  Cars 

program  in 

duration, 

U.S.A., 

models  after 

Europe 

initial 

roadblocks, 

seeing 

interest  now 

 Source   Curated  automotive  industry  research  based  on  press  releases  and  media  articles

 2.2 

 Regional  Analysis 

Our  study  of  servitization  covered  the  United  States,  Europe,  and  India.  Table  1 

summarizes  the  insights  for  each  region.  Europe  is  slightly  ahead  of  the  U.S.  and 

India  in  servitization  adoption,  and  has  greater  revenue  share  as  well.  The  need 

for  European  product  makers  to  pursue  servitization  is  not  customer-driven,  but  to 

differentiate  the  offering  among  competitors,  and  leverage  technologies.  The  scale 

of  implementation  there  is  predominantly  enterprise-wide. 

The  term  “subscription  economy”  was  coined  by  enterprise  software  company 

Zuora,  which  since  2012  has  published  a  multi-industry  index,  reflecting  the  growth 

of  the  subscription  economy  (The  Subscription  Economy  Index  2021).  According  to the  index  2021  edition,  the  subscription  economy  has  grown  435%  in  the  nine  years 

that  the  index  has  been  published.  Businesses  in  the  subscription  index  reported  a 

five  to  eight  times  faster  growth  in  revenue  than  did  traditional  businesses.  Europe 

achieved  more  growth  than  North  America  and  Asia. 

In  2020,  during  the  peak  of  the  ongoing  COVID-19  pandemic,  revenue  for 

subscription  businesses  grew  by  11.6%,  while  product-based  companies  declined  by 

1.6%  globally.  Our  servitization  survey  did  not  cover  the  rest  of  Asia,  so  we  reference
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a  complementary  study  from  Citibank.  In  2019,  Citibank  conducted  research  on  the 

subscription  economy  across  14  Asian  countries,  primarily  China,  India,  Singapore, 

Australia,  Indonesia,  and  Hong  Kong  (Qi  et  al., 2020). According  to  the  study,  Asia was  late  to  adopt  the  subscription  model  as  compared  to  North  America  and  EMEA 

(Europe,  Middle  East,  and  Africa).  Competition  was  the  main  driver  when  Asia  did 

adopt  the  subscription  model.  Nearly  half  the  study  respondents  indicated  subscrip-

tion  model  growth  in  their  industry,  led  by  technology,  media,  telecom,  consumer,  and 

health  care.  The  greatest  barriers  to  adoption  in  Asia  are  fear  of  short-term  revenue 

decline  and  low  awareness  of  long-term  revenue  potential. 

3 

The  Operating  Model 

In  the  opening  section  of  this  chapter,  we  looked  at  the  business  model  as  the  way  a 

manufacturer  makes  money  from  servitization.  Prominent  strategist  Clayton  Chris-

tensen  proposed  the  following  four  elements  to  deconstruct  a  business  model:  (1) 

customer  value  proposition  that  fulfills  an  important  job  better  than  competitors,  (2) 

profit  formula  to  make  money,  (3)  resources,  and  (4)  processes  to  deliver  the  value 

proposition  (Porter  &  Heppelmann, 2015). 

The  four  business  model  elements,  as  applied  to  servitization,  are: 

1. Customer  value  proposition.  Flexibility  to  offer  customized  bundles  of  product 

and  services  that  match  end-user  need,  at  an  affordable  periodic  (often  monthly) 

fee. 

2. Profit  formula.  Relationship  between  revenue  and  cost  components,  expressed 

as  the  difference  in  net  present  value  between  subscription  fees  over  the  contract 

lifetime  and  the  cost  to  execute  it—like  periodic  maintenance,  part  replacement, 

product  exchange,  and  support  staff. 

3. Resources.  The  product  itself,  the  people  involved,  digital  infrastructure,  and 

knowledge  to  fulfill  the  value  proposition. 

4. Processes.  Supply  chain  for  physical  delivery  of  the  parts  and  consumables,  field 

services,  digital  flow  of  information,  and  the  billing  process. 

The  business  model  is  translated  into  an  operating  model  to  administer  the  contract 

and  deliver  the  value  proposition.  The  Operational  Excellence  Society  defines  the 

operating  model  as  “a  visualization  (i.e.,  model  or  collection  of  models,  maps,  tables, 

and  charts)  that  explains  how  the  organization  operates  so  as  to  deliver  value  to  its 

customers  or  beneficiaries.” 

But  value  does  not  occur  at  once.  The  three  stages  include  value  creation,  capture, 

and  delivery  (see  Fig. 5).  Value  creation  happens  in  servitization,  when  an  organization  innovates  to  create  a  connected  product  with  a  distinct  benefit  for  the  bedrock 

of  a  servitized  offering.  Some  of  the  critical  parameters  are  identified  based  on 

product  failure  modes,  and  monitored  remotely  through  sensors  and  IoT.  Value 

capture  happens  once  a  commercially  viable  business  model  has  been  defined  for 

a  connected  product,  with  contract  structure,  pricing,  and  identified  end  customers. 
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Value  delivery  occurs  when  the  value  chain  for  this  business  model  is  established 

and  operating  across  the  customer  base—physical  and  digital  engagement  of  product, 

parts,  information,  technicians,  and  tools. 

The  servitization  business  model  creates,  captures,  and  delivers  value  through  its 

operating  model.  The  Live  Enterprise  operating  model  defined  earlier,  provides  a 

useful  construct  to  deliver  the  servitization  value  proposition,  and  is  comprised  of 

seven  components.  These  include  organization,  experience,  value  chain,  decisions, 

talent,  IT  systems,  and  change  (see  Fig. 6). 

Our  research  shows  that  servitization  adoption  is  constrained  by  lack  of  agility  and 

ineffective  technology  to  meet  customer  expectations.  Servitization  adoption  would 

actually  depend  on  effective  operating  models,  because  even  the  most  visionary  busi-

ness  model  would  not  succeed  without  a  practical  operating  model  to  deliver  the  value

Fig.  5  Value  creation,  capture,  and  delivery  cycle.  Source   Infosys  analysis 

Fig.  6  The  building  blocks  of  an  operating  model.  Source   Infosys  live  enterprise 
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proposition  amid  rapidly  evolving  and  often  conflicting  requirements,  capabilities, 

and  technologies. 

 3.1 

 Servitization  Operating  Model  Components 

These  are  the  building  blocks  of  a  servitization  operating  model: 

Organization—hierarchical  and  even  matrix  models  are  simply  too  static  in  a  world, 

where  real  authority  and  influence  cut  across  traditional  silos  and  evolve  frequently 

based  on  customer  and  project  needs.  Organizations  must  be  able  to  address  many 

initiatives  simultaneously  and  update  structures  quickly  based  on  market  needs.  Orga-

nization  design  is  beyond  the  scope  of  this  chapter.  For  more  information,  see   The  Live 

 Enterprise:  Create  a  Continuously  Evolving  and  Learning  Organization  (Kavanaugh 

&  Tarafdar, 2021b). 

Experience—at  the  beginning  of  this  chapter,  we  reviewed  how  the  business 

world  has  been  transforming  from  products  to  services,  and  eventually  to  experi-

ence.  Economists  Joseph  Pine  and  James  Gilmore  defined  an  experience  as  “when 

a  company  intentionally  uses  services  as  the  stage,  and  goods  as  props,  to  engage 

individual  customers  in  a  way  that  creates  a  memorable  event”  (Economy  &  Index, 

2021).  In  the  servitization  context,  each  contact  between  a  customer  and  the  product maker  is  an  experience  opportunity. 

As  a  services  example,  in  2020,  Rolls-Royce  released  an  immersive,  virtual 

reality-based  training  for  its  aircraft  engine  customers  (Signing  up  to  the  subscrip-

tion  economy, 2019). Technicians  used  this  remote  learning  program  for  engine 

construction,  design,  and  operation,  and  carry  out  routine  maintenance  activities. 

This  illustrates  how  training  evolves  from  a  product  (“buy  a  course”)  to  a  service 

(“X  hours  of  instructor-led  training”)  to  an  experience  (“virtual  hands-on,  real-world 

practice”). 

Value  chain—the  value  chain  is  an  end-to-end  sequence  of  activities,  starting 

right  from  the  supplier  to  the  manufacturer’s  factory,  and  extending  through  a  delivery 

network  consisting  of  wholesalers,  retailers,  distributors,  and  service  providers.  The 

focus  has  shifted  from  efficiency  and  cost  to  responsiveness  and  value-added  services. 

Value  chain  is  covered  in  more  detail  later  in  the  chapter. 

Decisions—servitization  comprises  multiple  decisions  that  need  to  be  made 

across  a  product  lifecycle.  The  explosion  of  available  data  requires  new  ways  to 

process  in  real  time  and  in  conjunction  with  insights  from  past  experiences  in  order 

to  create  machine-based  intuition  and  action.  Insights  developed  from  data  analysis 

are  relevant  for  both  reactive,  diagnostic  decisions  and  proactive,  optimized  ones. 

As  an  example,  what-if  simulations  are  a  powerful  form  of  predictive  analysis, 

literally  seeing  into  possible  futures,  especially  if  they  are  performed  in  line  with  busi-

ness  processes.  Emerging  capabilities  like  digital  twins  provide  complex  modeling 

and  decision  support,  enabling  decisions  that  improve  service  uptime  for  customers
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and  optimize  efficiency  for  manufacturers.  As  organizations  mature  in  their  serviti-

zation  journey,  they  can  make  practical  use  of  artificial  intelligence  or  its  subclass 

machine  learning  to  allow  systems  to  make  decisions  autonomously. 

Talent—it  has  progressed  from  a  cost  to  be  minimized  to  a  source  of  competitive 

advantage.  Technologies  have  proved  their  capability  to  generate  business  impact. 

The  constraint  has  become  a  skilled  workforce  with  the  talent  required  to  understand 

and  implement  these  technologies.  The  practices  to  attract,  develop,  and  retain  digital 

talent  are  beyond  the  scope  of  this  chapter.  However,  servitization  requires  digital 

information  technology  skills  and  manufacturing,  repair  and  maintenance,  and  supply 

chain  expertise.  Leaders  must  give  equal  attention  to  who  is  “on  the  bus,”  as  Jim 

Collins  argues  in  his  management  classic,  (Collins, 2001;  Johnson  et  al., 2008).  In their   Harvard  Business  Review   article  on  developing  talent  in  the  digital  age,  Jeff 

Kavanaugh  and  Ravi  Kumar  S.  argued  that  four  practices  are  needed:  (1)  look  for 

potential,  not  credentials,(2)  value  soft  skills  as  much  as  technical  ones;  (3)  think 

about  teams,  not  individuals;  and  (4)  incentivize  employees  to  grow,  not  just  to  stay 

(Kavanaugh  &  Ravi  Kumar, 2019). 

IT  systems—IT  systems  are  evolving  from  static  processing  engines  to  agents 

of  change.  However,  many  of  them  have  been  designed  for  specific  features  and 

functionality,  and  therefore,  struggle  to  evolve  as  newer  features,  functions,  and 

experiments  are  rolled  out.  Ultimately,  IT  systems  are  implementations  of  technolo-

gies  required  to  implement  servitization.  These  technologies  are  explained  later  in 

the  chapter. 

Change—the  principal  challenge  faced  by  business  leaders  to  adopt  servitization 

is  change  management.  It  is  not  technology,  funding,  employee  awareness,  or  market 

interest—while  these  factors  are  not  trivial,  servitization  adoption  does  require  signif-

icant  shift  in  mindset,  action,  and  incentive.  That  is  why  multiple  recent  research 

studies  have  confirmed  that  large-scale  improvement  is  accomplished  (Business, 

2001;  Joseph  Pine  &  Gilmore, 1998; Kavanaugh  &  Tarafdar, 2021a; Rolls-Royce, 

2020).  Rather  than  using  a  single,  “big-bang”  servitization  plan,  the  research  has found  that  successful  organizations  use  many  small  changes,  often  in  six-week  release 

cycles,  to  deploy  capabilities  and  motivate  users  to  make  small  but  lasting  changes 

to  behavior.  This  has  the  added  benefit  of  incorporating  insights  and  learning,  since 

servitization  often  uncovers  new  ways  of  working  and  opportunities  for  monetization 

and  efficiency.  Much  like  financial  interest,  the  compounding  effect  of  multiple  small 

positive  changes  over  time  is  significant,  and  is  more  likely  to  generate  the  ultimate 

objective  of  transformation  through  servitization. 

 3.2 

 The  Servitization  Operating  Model 

When  the  above  elements  are  combined,  the  closed-loop  servitization  operating 

model  emerges  (see  Fig. 7).  The  structure  is  adapted  from  the  book  “Operating

[image: Image 43]
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Fig.  7  Closed-loop  servitization  operating  model.  Source   Infosys  analysis  and  Campbell  et  al. 

(2017) 

Model  Canvas”  (Campbell  et  al.  2017),  and  the  servitization  process  flow  was  devel-

oped  from  Infosys  Knowledge  Institute  research.  The  model  highlights  four  influen-

tial  personas.  The  Product  Owner  conceptualizes  and  designs  the  product,  the  Plant 

Manager  makes  the  product,  and  the  Customer  uses  the  product.  The  Service  Tech-

nician  is  the  fourth  persona  who  is  also  influential,  acting  as  the  bridge  between 

the  manufacturer  and  the  customer.  The  model  is  circular  in  nature,  with  feedback 

loops  for  information  about  product  performance,  parts,  and  end  of  life  transition 

opportunities. 

4 

Organizational  Design 

Organizational  structure  describes  how  individuals  and  activities  are  organized  to 

achieve  enterprise  goals,  with  metrics  to  measure  their  performance.  Product-based 

enterprises  usually  structure  their  organization  as  a  formal  hierarchy,  with  business 

units  based  on  their  product  portfolio.  On  the  other  hand,  service-based  enterprises 

tend  to  structure  their  organizations  based  on  functional  areas  and  consolidate  them 

around  industries  or  major  customers,  in  the  form  of  a  matrix. 

Servitization  is  a  bundle  of  products  and  services,  and  this  bundle  transfers 

risk  from  the  customer  to  the  manufacturer.  These  foundational  aspects  require 

an  intense  customer  focus  and  the  need  to  orchestrate  processes  for  uptime,  effi-

ciency,  and  customer  satisfaction.  Siloed  organization  structures  impede  this  orches-

tration,  requiring  a  new  approach,  including  industry  and  product  domain  expertise 

across  product  lines.  Digital  technology  capability  is  also  required  for  servitization, 

[image: Image 44]
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spanning  hardware  and  software  for  functions  like  customer  service,  finance,  and 


legal. 

Quinn  and  Rohrbaugh  proposed  two  dimensions  of  organizational  effectiveness: 

direction  of  focus  (internal  or  external)  and  preference  for  structure  (stability-control 

vs.  flexibility-change)  (Kavanaugh  &  Ravi  Kumar, 2019).  Organizations  can  be  classified  into  four  types  based  on  the  two  alternate  states  of  each  dimension  (see  Fig. 8). 

The  four  organization  types  are  (1)  Tribe,  (2)  Adhocracy,  (3)  Market,  and  (4)  Effi-

ciency.  Each  has  its  own  characteristics,  and  drives  distinct  team  behavior.  When 

this  framework  is  applied  to  the  servitization  lifecycle,  organization  type  needs  to 

gradually  evolve  from  a  tribe  during  initial  stages  to  a  process-based  structure  for 

efficiency  and  large  scale.  The  focus  shifts  cyclically  from  innovation  in  a  small 

group  (tribe)  to  flexibility,  efficiency,  scale,  and  then  back  to  new  ideas  and  perhaps 

a  new  tribe  to  begin  the  cycle  once  more. 

While  each  enterprise  has  unique  characteristics,  specific  organizational  structures 

have  emerged  that  tend  to  aid  servitization  at  each  stage  of  maturity. Tribe  addresses 

early  stages  of  servitization,  when  value  is  created  with  innovative  products,  technolo-

gies,  and  processes.  This  flat  structure  empowers  team  members  to  make  decisions. 

Fig.  8  Servitization  value  cycle.  Source   Infosys,  Quinn  and  Rohrbaugh 
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Adhocracy  aids  servitization  during  value  capture  and  delivery  stages,  where  focus 

shifts  from  innovation  to  ambidextrous  organizations  that  balance  both  innovation 

and  efficiency. 

Market  or  a  market-facing  organization  is  truly  customer-focused  and  still  evolves 

while  growing  the  business. Efficiency  is  appropriate  once  the  enterprise  has  reached 

large-scale  servitization  and  maturity,  to  stability  and  predictability,  with  an  emphasis 

on  operational  process  excellence.  At  this  point,  new  learnings  emerge  that  enrich  and 

revise  the  servitization  model,  renewing  once  more  the  cycle  of  Tribe,  Adhocracy, 

Market,  and  Efficiency. 

Adhocracy  has  shown  to  be  the  servitization  model  best  suited  for  most  companies 

at  the  time  of  this  writing,  recognizing  they  have  begun  their  servitization  journey 

but  have  not  attained  scale  (Fogg, 2020). To  be  successful,  Adhocracy  requires specialized  multidisciplinary  teams  with  flexible  ways  of  working. 

 4.1 

 Automotive  OEM  Adoption 

The  automotive  industry  has  prioritized  servitization,  and  its  leaders  have  expressed 

belief  in  its  growth  potential.  Each  Original  Equipment  Manufacturer  (OEM)  has 

taken  a  distinct  path  to  servitization,  and  a  consolidated  view  across  OEMs  provides 

a  perspective  on  their  journey  and  potential  learnings  from  their  progress  (see  Table 

3). Some  OEMs  began  with  pilots  and  have  been  successful  as  they  scaled.  Other OEMs  temporarily  stopped  their  service  initiatives  due  to  perceived  lack  of  market 

interest,  and  still  others  have  restarted  or  plan  to  restart,  with  lessons  learned  from 

their  initial  attempt. 

Porsche  views  servitization  as  a  holistic  mobility  offering  beyond  its  cars,  empha-

sizing  its  customers’  perspective  (Thaler  &  Sunstein, 2009).  Porsche  offers  an  app-based  service  that  enables  customers  pay  for  vehicle  parking  remotely.  This  is  an 

example  of  mobility  as  a  future-minded,  integral  component  of  urban  development. 

Volvo  learned  valuable  lessons  from  its  initial  subscription  service  in  California. 

The  company  then  had  to  revise  its  original  flat-fee  insurance  coverage,  since  the 

rates  varied  from  state  to  state.  Dealers  were  reluctant  to  support  the  programs,  as 

they  worried  that  Volvo  would  bypass  dealers  and  provide  its  service  directly  to 

customers  (Clear, 2018). Other  car  makers  re-launched  their  subscription  service  to correct  issues  faced  in  their  first  wave.  Jaguar  Land  Rover’s  initial  Carpe  program 

evolved  to  a  12-month  single-payment  model.  Their  re-launched  Pivotal  program 

offers  a  90-day  minimum  term  and  payment  flexibility  on  a  monthly  basis.  BMW’s 

Access  by  BMW  program  struggled  to  scale.  Servitization  initiatives  have  delivered 

multiple  lessons  to  be  learnt  and  incorporated  by  auto  OEMs  into  future  offerings. 

Servitization  in  the  automotive  industry  is  on  the  cusp  of  widespread  adoption  at 

the  time  of  writing.  It  is  an  important  time  for  city  pilots  to  scale  up  to  countrywide 

and  global  programs.  Lessons  learned  from  pilots  need  to  be  implemented  with  a 

systems-thinking  approach,  not  limited  to  optimizing  individual  technologies  such 

as  IoT  for  connectivity. 
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5 

Technology  for  Servitization 

 5.1 

 Industry  4.0 

Digital  technologies  are  essential  to  drive  servitization  adoption,  as  connected  prod-

ucts  and  their  underlying  technologies  monitor  product  usage  and  performance. 

Sjödin  et  al.  (1981)  defined  digital  servitization  as  “transformation  in  processes, capabilities,  and  offerings  within  industrial  firms  and  their  associate  ecosystems  to 

progressively  create,  deliver,  and  capture  increased  service  value  arising  from  a  broad 

range  of  enabling  digital  technologies.”  While  information  and  operations  technology 

have  exponential  capabilities,  a  framework  is  needed  to  organize  and  direct  all  this 

potential  for  sustainable  business  benefit. 

The  Fourth  Industrial  Revolution,  or  Industry  4.0,  provides  a  comprehen-

sive  framework  to  consider  digital  technology  needs  for  servitization.  The  basic, 

technology-agnostic  tenets  of  Industry  4.0  are  as  follows: 

1. Interconnectivity,  for  machines  to  talk  to  each  other  and  to  humans  and 

processes. 

2. Technical  assistance,  to  assist  humans  in  decision-making  and  data  aggregation 

and  visualization. 

3. Decentralized  decisions,  for  machines  to  autonomously  make  decisions  on  their 

own. 

4. Information  transparency,  to  superimpose  virtual  models  with  field  data  and 

simulate  situations. 

IoT  transforms  conventional  products  into  smart,  connected  products.  In  their 

 Harvard  Business  Review   article  on  this  topic,  Michael  Porter  and  James  Heppel-

mann  explained  how  these  products  can  also  transform  companies  (Khan  et  al., 2019). 

Smart  and  connected  products  are  the  fundamental  capabilities  that  enable  compa-

nies  to  shift  from  transactional  selling  to  product-as-a-service  models.  They  expand 

the  traditional  role  of  the  service  function  to  create  new  offerings.  The  service  orga-

nization  becomes  a  major  source  of  innovation  to  drive  revenue  and  margin  through 

the  conception  and  introduction  of  new  value-added  services  (Table  4). 

Table  4  Technology 

Industry  4.0  principle

Supporting  technology  examples 

examples  to  support  Industry 

4.0  principles 

Interconnectivity

Internet  of  Things  (IoT) 

Technical  assistance

Analytics 

Decentralized  decisions

Artificial  intelligence  and  machine 

learning 

Information  transparency

Digital  twins

[image: Image 45]
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 5.2 

 Servitization  Maturity 

Industry  4.0  is  typically  considered  internal  to  an  organization,  applicable  primarily 

to  factory  assets.  However,  Industry  4.0  also  provides  a  useful  template  to  digi-

tize  servitization,  when  its  implementation  extends  externally  to  customer  premises. 

Servitization  4.0  is  a  journey,  and  each  organization  does  not  need  to  adopt  it  at  the 

same  pace  or  level  of  implementation.  In  2017,  Germany’s  Aachen  University  and 

acatech  consortium,  in  collaboration  with  Infosys,  published  a  report  on  Industry  4.0 

implementation  focused  on  a  maturity  index  (Mintzberg, 1979). This  index  can  also be  applied  to  measure  servitization  maturity  level,  as  servitization  has  emerged  as 

a  set  of  highly  relevant  Industry  4.0  use  cases.  The  original  Industry  4.0  index  has 

been  modified  in  Fig. 9  to  show  the  stages  of  servitization  and  renamed  Servitization 4.0. 

The  levels  of  servitization  maturity  are  as  follows:

1. Computerization—initial  stage  in  the  development  path,  and  provides  the  basis 

for  digitalization.  Information  technology  (IT)  is  used  extensively,  but  in  isola-

tion;  primarily  to  perform  repetitive  tasks  more  efficiently.  For  servitization,  a 

computer  numerical  controlled  milling  machine  may  produce  parts  with  great 

precision,  yet  the  CAD  data  transfer  may  still  be  manual. 

2. Connectivity—widely  used  business  applications  are  connected  to  each  other, 

and  mirror  the  company’s  business  processes.  Parts  of  the  operational  technology

Fig.  9  Industry  4.0  servitization  maturity.  Source   Aachen  University,  acatech,  and  Infosys  research 
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(OT)  systems  provide  connectivity  and  interoperability,  but  full  integration  of  IT 

and  OT  layers  has  not  occurred. 

3. Visibility—sensors  enable  processes  to  be  captured  from  beginning  to  end,  with 

large  numbers  of  data  points,  remotely  seeing  what  is  happening  in  an  installed 

base  using  IoT.  Events  and  states  are  recorded  in  real-time  throughout  the  entire 

company,  along  with  trading  partners  and  customers,  making  it  possible  to  keep 

an  up-to-date  digital  model,  or  digital  twin,  of  the  installed  equipment  as  well  as 

of  the  factory. 

4. Transparency—understand  why  events  happen  the  way  they  do,  and  use  this 

understanding  to  produce  knowledge  by  means  of  root  cause  analysis.  After 

applying  engineering  knowledge  and  interpreting  system  interactions  through 

analysis,  rapid  and  complex  corrective  action  is  possible  to  minimize  impact  of 

problems  and  ensure  mistakes  do  not  reoccur. 

5. Predictability—builds  on  the  transparency  stage,  with  the  capability  to  simulate 

different  future  scenarios  and  identify  the  most  likely  ones.  It  involves  projecting 

the  digital  twin  into  the  future  to  show  possible  futures  and  assess  likelihood  to 

occur.  This  anticipation  of  future  activity  through  what-if  or  scenario  analysis 

enables  organizations  to  take  measures  to  prevent  negative  outcomes. 

6. Adaptability—predictability  is  a  fundamental  requirement  for  automated 

actions  and  decision-making.  Servitization  provides  better  data  for  the  manu-

facturer  to  adapt  its  operations,  and  also  enables  installed  customer  systems  to 

adapt  as  needed  to  maintain  contractual  output,  the  “as  a  service”  deliverable. 

The  degree  of  adaptability  ultimately  depends  on  decision  complexity  and  cost-

benefit  ratio.  Automation  of  individual  processes  may  be  enough,  and  funda-

mental  feasibility  of  autonomous  operation  should  be  investigated,  including 

risk  of  automated  approvals  and  acknowledgments  related  to  servitization.  This 

stage  has  been  achieved  when  a  company  uses  servitization  data  to  make  deci-

sions  that  have  the  best  possible  results  in  the  shortest  possible  time,  actioned 

automatically. 

The  central  “digital  runway”  launches  new  initiatives  and  scales  capabilities  across 

the  enterprise.  This  shared  digital  infrastructure  consists  of  (1)  business  processes 

and  their  change  management  to  implement  servitization;  (2)  explicit  and  tacit 

knowledge; (3)  data  that  includes  analytics  and  AI  to  analyze  for  insights;  (4)  platform  services  for  the  workplace;  and  (5)  resources  in  the  form  of  employees,  external partners,  and  communities  for  collaboration  (see  Fig. 10). 

 5.3 

 Sentient  Delivery  Chains  for  Servitization  Success 

The  delivery  chain  is  used  for  the  delivery  of  physical  parts,  consumables,  and 

personnel  (see  Fig. 11).  It  is  the  last  mile  in  the  supply  chain  from  the  point  of  origin  to the  end  customer.  Physical  product  delivery  is  mathematically  mostly  deterministic. 

However,  these  processes  are  nonetheless  an  unpredictable  aspect  of  the  operating 

model,  as  they  are  external  to  the  enterprise,  with  several  components  beyond  the
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Fig.  10  Digital  runway—shared  infrastructure  for  servitization.  Source   Infosys  live  enterprise manufacturer’s  control.  This  includes  upstream  activities  from  suppliers  and  product 

distribution  to  customers.  Last-mile  delivery  and  technician  service  are  highly  visible 

failure  points,  and  can  become  the  weak  link  in  the  servitization  operating  model  if 

risks  are  not  mitigated.  Some  manufacturers  use  an  asset  financing  company  as  an 

intermediary  between  them  and  their  customers  to  manage  the  financial  aspects  of 

servitization. 

The  2011  Fukushima  earthquake  in  Japan  was  the  most  significant  technology 

supply  chain  disruption  event  in  decades.  This  natural  disaster  impacted  the  global 

supply  of  semiconductors  across  industries.  For  example,  60%  of  critical  automotive 

components  were  sourced  from  that  geographic  area  (Vornehm, 2020). The  disaster Fig.  11  Servitization  delivery  chain.  Source   Infosys  analysis 
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focused  the  attention  of  manufacturing  leaders  on  supply  chain  resilience,  the  ability 

to  quickly  recover  from  unexpected  events.  In  response  to  the  2011  event,  product 

makers  quickly  developed  alternate  sourcing  plans  for  critical  parts. 

Globalization  has  been  a  trend  in  parts  supply  for  decades,  continually  increasing 

the  speed  and  efficiency  across  increasingly  longer  distances.  However,  priorities 

have  evolved  from  when  manufacturers  sourced  parts  from  the  most  attractive  (lowest 

cost  at  quality)  supplier,  anywhere  on  the  globe.  This  concentrated  manufacturing  in  a 

small  number  of  regions,  sometimes  a  single  location,  for  manufacturing  capabilities 

and  specific  parts  categories.  After  the  Fukushima  earthquake,  manufacturer  focus 

shifted  from  the  lowest  landed  cost  to  supplier  diversification,  hastening  the  emer-

gence  of  the  so-called  “glocalization”  and  onboarding  of  multiple  suppliers  closer  to 

the  point  of  demand. 

International  Aerospace  Manufacturing  Pvt.  Ltd.  (IAMPL)  is  an  example  of 

glocalization  in  India.  IAMPL  is  a  50–50  joint  venture  between  Rolls-Royce  and 

the  state-owned  aerospace  and  defense  company  Hindustan  Aeronautics  Limited. 

IAMPL  makes  specific  parts  for  companies  like  Rolls-Royce.  IAMPL  leader  Seeni-

vasan  Balasubramanian  provides  a  perspective  on  how  a  hub  location  mitigates 

supply  chain  risk,  through  the  lens  of  IAMPL’s  role  in  the  Aerospace  and  Defense 

ecosystem. 

IAMPL  has  evolved  over  the  years  to  become  a  fully  accredited  benchmark 

manufacturing  facility  within  the  aerospace  global  supply  chain,  manufacturing 

components  for  the  technologically  advanced  Trent  family  of  civil  aero  engines. 

The  Aerospace  &  Defense  industry  in  India  has  great  potential  to  grow  into  a 

global  hub,  and  they  believe  that  the  global  quality  and  supply  chain  capabilities 

offered  will  be  highly  relevant  to  strengthen  the  ecosystem  for  the  industry  to 

regain  its  self-reliance  vision. 

The  Fukushima  incident  also  increased  focus  on  supply  chain  transparency,  for 

visibility  across  the  value  chain  beyond  the  immediate  parts  supplier.  The  Covid-

19  pandemic  that  began  in  2020  is  the  most  recent  disruption  to  supply  chains, 

and  the  Organization  for  Economic  Cooperation  and  Development  calculated  that 

world  trade  in  2020  fell  by  8.2  percent  for  goods  and  by  16.7  percent  for  services, 

due  to  a  second  Covid-19  wave  (Finlay, 2020).  Supply  chains  across  industries have  been  adversely  affected  due  to  restrictions  in  movement  of  goods  and  people. 

However,  digital  champions  demonstrate  supply  chain  transparency  and  the  capa-

bility  to  manage  disruptions  like  Covid-19,  according  to  the  accounting  firm  Price-

waterhouseCoopers  (Sjödin  et  al., 2020).  Digital  technologies  play  a  particularly important  role  in  supply  chain  transparency,  extending  beyond  goods  movement  to 

product  provenance,  environmental  reporting,  and  export  regulatory  compliance. 
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6 

The  Phygital  Basis  for  Servitization 

Servitization  depends  on  its  financial  model  to  generate  cash  flow,  the  technology  to 

operate  the  process,  and  the  delivery  chain  to  deliver  the  physical  product.  The  Univer-

sity  of  Cambridge  concluded  from  its  study  that  technology  is  central  to  the  future  of 

servitization  (Ravi  Kumar  &  Enose, 2017). The  top  five  servitization  technologies, as  chosen  by  a  panel  of  capital  equipment  practitioners  and  academic  experts,  are: 

•  Predictive  analytics 

•  Remote  communications 

•  Consumption  monitoring 

•  Pushing  information  to  employees  or  customers 

•  Mobile  platforms  to  access  enterprise  resource  planning  systems. 

At  an  operational  level,  servitization  is  a  set  of  ongoing  flows  of  cash,  information, 

and  parts.  The  flow  of  cash  and  information  typically  happens  within  digital  chan-

nels.  But  the  flow  of  parts  and  consumables  happens  physically.  It  takes  time,  effort, 

and  material  to  produce  parts  and  deliver  them  to  a  particular  location,  at  a  specific 

point  of  time.  Just  as  servitization  processes  are  a  combination  of  physical  and  digital 

activities,  servitization  economics  is  also  a  combination  of  cloud-based  software-as-

a-service  (SaaS)  business  models  and  the  physics  of  manufacturing.  Classic  concepts 

of  break-even  point,  work-in-process,  and  reorder  points  are  also  relevant  to  servi-

tization.  This  is  the  phygital  basis  for  servitization,  physical  and  digital  concepts 

combined  in  a  distinct  way  to  create  and  deliver  value. 

 6.1 

 Profitability  Considerations 

According  to  Cusumano  in  his  2004  book  “The  Business  of  Software,”  software 

companies  traditionally  started  with  significant  revenue  from  the  sale  of  product 

license  fees.  But  they  gradually  shifted  to  a  hybrid  mix  of  products  and  services  and 

eventually  to  mostly  services  (Fisher, 2011). In  the  SaaS  business  model,  revenue is  generated  from  services.  The  three  stages  of  growth  for  a  SaaS  business  are  its 

launch,  scale,  and  steady  state.  Customer  lifetime  value  has  proven  to  be  a  better 

metric  to  measure  success  in  the  SaaS  model,  instead  of  the  number  of  customers 

or  initial  sales  volume.  Lifetime  value  includes  annual  recurring  revenue  and  cost  to 

serve.  SaaS  principles  apply  to  servitization,  and  are  a  useful  guide  for  initial  set  up. 

Discounted  cash  flow  (DCF)  is  a  common  method  to  measure  customer  lifetime 

value.  Earlier  in  the  chapter,  the  Nissan  Altima  example  used  DCF  to  compare  the  net 

present  value  of  subscription  and  purchase  options.  The  DCF  model  can  be  extended 

to  perform  break-even  analysis  for  the  Altima  vehicle.  The  analysis  inputs  are  shown 

below,  along  with  graphical  revenue-cost  relationships  in  Fig. 12  and  then  supporting calculations:

[image: Image 48]
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Fig.  12  Servitization  break-even  analysis.  Source   Infosys  analysis 

Inputs 

•  Nissan  revenue:  $100  billion 

•  Annual  IT  budget:  2%  of  revenue  ($2  billion) 

•  Fixed  cost:  5%  of  IT  budget  ($100  million) 

•  Altima  price:  $30,000 

•  Annual  unit  sales:  200,000 

•  Monthly  subscription  fee:  2%  of  price  ($600) 

•  Monthly  variable  cost:  1.5%  of  price  ($450) 

Break-even  is  the  point  at  which  annual  revenue  from  servitization  equals  the 

cost  to  operate,  with  cost  being  the  sum  of  fixed  and  variable  costs.  In  this  example, 

break-even  occurs  at  approximately  28%  of  the  cars  sold  annually.  This  volume  can 

be  calculated  for  other  combinations  of  the  input  parameters.  Beyond  this  break-even 

point,  servitization  will  be  profitable. 

Servitization  break-even  point  (#  of  units)  = Fixed  cost/(Price  per  unit  − Variable 

cost  per  unit). 

Calculations: 

•  Servitization  fixed  cost  (IT,  teams,  dealer  network)  = $100  million  per  year. 

•  Monthly  profit  (subscription  fee  less  variable  cost)  = $150/vehicle  ($600  − $450) 

•  Annual  profit  = $1,800/vehicle  ($150  × 12) 

•  Break-even  volume  (fixed  cost/annual  unit  profit)  = $100  M/(($600  − $450)  * 

12)  = 55,556  vehicles  (28%  of  200,000  vehicles  sold). 

For  servitization  to  be  profitable  for  the  parameters  above,  Nissan  needs  to  sell  at 

least  55,556  vehicles,  or  28%  of  its  annual  volume  of  cars  as  a  subscription  service. 
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 6.2 

 Inventory  as  Buffer 

Factory  physics  is  a  concept  coined  by  Hopp  and  Spearman  in  their  noteworthy  book 

on  manufacturing  systems,  scheduling,  and  production  (Organization  for  Economic 

Cooperation  &  Development, 2020). Its  manufacturing-centric  concepts  for  finished goods  are  also  applicable  to  servitization,  specifically  for  spare  part  requirements. 

Servitization  needs  the  factory  to  produce  parts,  or  the  supplier  to  provide  them,  to 

ensure  the  physical  product  delivers  results  per  the  contract. 

Additive  manufacturing,  also  known  as  3D  printing,  creates  capability  for  on-

demand  part  manufacture,  in  the  exact  quantity  required.  Volvo  Construction  Equip-

ment  uses  3D  printing  to  deliver  spare  parts  to  its  customers  more  quickly  and  effi-

ciently  (Advanced  capabilities  can  boost  supply  chain  resilience, 2020). However, 3D  printing  is  still  predominantly  centralized,  and  at  the  time  of  writing  has  not  seen 

widespread  local  adoption.  Until  3D  printing  infrastructure  exists  at  each  customer 

location,  traditional  methods  will  continue  to  be  used.  Factory  physics  will  evolve 

based  on  3D  printing. 

Servitization  typically  follows  a  combination  of  forecast-based  “push”  and 

demand-based  “pull”  inventory  management  methods.  Ideally,  a  pull  system  results 

in  zero  work-in-progress  inventory,  since  it  is  based  on  known  demand.  When  there 

is  a  customer  demand  signal  for  a  part,  the  specific  part  is  produced,  in  the  requested 

quantity.  Physical  or  digital  cards  are  used  to  trigger  flow  on  the  shop  floor.  Since 

parts  production  takes  time,  spare  parts  inventory  is  required  to  maintain  a  buffer  to 

meet  variable  customer  demand. 

Little’s  Law  determines  optimal  work-in-progress  (WIP)  inventory  to  support 

spare  parts  in  the  servitization  model.  This  well-respected  manufacturing  relationship 

brings  together  three  important  parameters:  rate  at  which  spare  parts  need  to  be 

supplied,  average  time  to  make  each  part,  and  the  number  of  spare  parts  in  the 

system  at  a  point  of  time  as  WIP.  WIP  estimates  help  organizations  plan  capacity 

and  balance  demand  for  finished  goods  and  spare  parts.  According  to  Little’s  Law, 

WIP  =  Throughput  ×  Cycle  time 

Throughput  is  determined  by  the  number  of  products  in  the  installed  base  covered 

under  servitization,  and  the  spare  parts  required  for  each.  Cycle  time  is  a  factor  of 

the  delivery  chain’s  operation  and  the  sum  of  the  time  taken  at  each  step—internal 

and  external,  value  adding  and  non-value  adding,  until  the  part  reaches  the  customer 

premises.  Hopp  and  Spearman  introduced  a  way  of  implementing  a  pull  system  called 

CON  WIP  or  constant  WIP  where  there  is  an  inventory  cap,  and  this  limit  avoids  the 

traditional  inventory  problem  of  gradually  increasing  WIP  over  time. 

Spare  parts  are  used  in  two  scenarios:  (1)  planned  spares  used  in  preventive 

maintenance  procedures,  and  (2)  unplanned  spares  for  breakdowns,  emergencies, 

and  unplanned  outages.  Digital  technologies  like  IoT  and  analytics  help  equipment 

makers  manage  planned  spares.  The  dynamic  inventory  model,  what  Hopp  and
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Spearman  refer  to  as  the  (Q,r)  model,  helps  organizations  calculate  and  maintain 

optimal  inventory  for  unplanned  spares. 

Spare  parts  are  either  produced  internally  or  purchased  from  suppliers.  While 

the  details  are  different  for  produced  vs.  procured  parts,  the  broad  equations  are 

consistent  across  both  part  types.  In  the  dynamic  inventory  model,  when  quantity 

on  hand  goes  below  a  threshold   r,  an  order  of  quantity   Q   is  placed  to  upstream departments  or  a  supplier.  The  optimal  quantity  balances  the  part  holding  cost  and 

the  ordering  cost.  In  other  words,  it  is  the  minimal  point  for  the  total  cost  of  holding 

and  ordering.  D   is  the  annual  demand  expected  for  a  part;  h   is  the  holding  cost  and A   is  the  setup  or  purchase  cost.  Following  the  popular  Economic  Order  Quantity 

(EOQ)  model,  the  optimal  order  quantity   Q   is  found  by 

√

Q  =  2 AD/  h 

Reorder  point  is  the  level  at  which  the  inventory  should  be  reordered  to  avoid  an 

out  of  stock  incident.  The  optimal  reorder  point   r   is  found  by 

 r  =  b/( b  +  h) 

where   b   is  the  backorder  cost  or  the  cost  incurred  when  an  order  for  a  spare  part cannot  be  fulfilled  on  time.  Whenever  the  inventory  on  hand  for  a  part  goes  below 

the  value   r,  an  order  has  to  be  placed. 

The  physics  of  servitization  is  used  to  plan  for  the  physical  manufacture,  storage, 

and  shipment  of  spare  parts  needed  for  servitization. 

The  International  Air  Transport  Association  (IATA)  publishes  a  set  of  strategies 

and  techniques  for  airline  operations  to  maintain  optimal  warehouse  inventory  levels 

(Dinges  et  al., 2015). The  ATA  defines  the  goal  of  airline  inventory  management  as providing  the  highest  possible  level  of  service,  at  the  lowest  cost,  implying  tradeoffs 

based  on  service  level  agreements. 

An  O-ring  is  used  as  a  gasket  for  packaging  to  prevent  leakage  of  fluids.  In  the 

IATA  guide  example,  O-ring  annual  demand  is  59,917  units.  The  cost  per  part  is 

$1.25,  the  order  or  purchase  cost  is  $120,  and  the  holding  cost  is  7.5%  of  the  part 

√

cost.  The  EOQ,  according  to  the  above  formula,  is 

 ( 2∗ 120  *  59,917)/(0.075  * 

1.25),  or  12,385.  59,917/12,385  = 4.8  (rounded  to  5),  so  each  warehouse  needs  to 

place  five  orders  for  O-rings  each  year  to  fulfill  the  demand.  This  simple  example, 

multiplied  by  hundreds  or  thousands  of  parts,  is  part  of  the  complex  symphony  of 

orchestrated  decisions  that  enable  servitization. 

7 

Adoption 

The  servitization  model  can  hardly  be  ignored  by  product  makers;  and  in  fact,  may 

be  essential  to  their  long-term  success.  Some  customers  already  expect  it,  and  trends 

point  to  growing  market  demand  over  time.  Servitization  creates  or  enables  market
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128

J. Kavanaugh et al. 

segments  and  revenue  streams  that  would  not  otherwise  exist.  At  the  same  time,  all 

organizations  may  not  need  to  implement  this  model—at  least  not  yet.  The  adoption 

decision  depends  on  the  appetite  for  risk  taking,  ability  to  make  investments,  skill 

sets,  and  the  fit  with  firm  strategy. 

 7.1 

 Servitization  Journey  Launch 

Servitization  needs  a  robust  operating  model  backed  by  efficient  and  predictable 

delivery  chains,  as  described  earlier  in  this  chapter.  This  section  provides  guidance 

on  servitization  adoption  from  multiple  perspectives.  See  Fig. 13  for  the  decision process  to  launch  a  servitization  journey. 

The  decision  starts  with  the  market  forces,  the  “why.”  Servitization  should  be 

evaluated  if  already  an  industry  trend,  if  customers  request  it,  or  if  competitors  have 

adopted  servitization.  Proofs  of  concept  and  pilots  are  logical  starting  points  for 

implementation.  If  competitors  have  not  adopted  servitization,  then  an  evaluation  is 

still  valuable  to  understand  feasibility  and  potentially  become  a  first  mover.  Leaders 

continuously  watch  for  market  changes  that  may  elevate  servitization  to  a  strategic 

priority.  Sustainability  and  circular  economy  regulation  are  related  trends  that  may 

spur  servitization,  for  example  if  policy  mandates  increased  equipment  reuse. 

Next,  the  “what”  question  must  be  addressed:  the  investments,  technologies,  skill 

sets,  and  capabilities  required  for  servitization.  If  related  digital  investments  (like 

IoT)  are  already  underway,  those  individual  initiatives  can  be  built  upon  as  a  starting 

point.  If  the  necessary  skill  sets  and  technologies  are  available,  product  makers  can 

use  them  to  establish  a  servitization  foundation  and  architecture.  If  these  capabilities 

do  not  exist,  the  journey  starts  by  planning  for  skills  development,  organization 

design,  and  technology  investments. 

Fig.  13  Servitization  journey  launch.  Source   Infosys  research 

[image: Image 50]

Servitization in the Digital Era

129

The  third  level  of  decision-making  for  servitization  is  the  “how.”  Senior  manage-

ment  buy-in  accelerates  adoption,  especially  if  a  meaningful  revenue  target  is  speci-

fied—so  it  becomes  a  business  initiative,  not  just  a  well-intended  technology  experi-

ment.  A  time-bound  implementation  roadmap  should  then  be  developed,  with  clearly 

defined  milestones  and  partners. 

 7.2 

 Recommendations 

While  the  context  and  market  are  distinct  for  each  manufacturer,  common  successful 

practices  have  emerged.  These  four  recommended  practices  span  the  concepts  of 

mindset,  teams,  technology,  and  scale  (see  Fig. 14). 

•  Mindset  shift  from  products  to  servitization.  Servitization,  like  other  digital 

transformation  initiatives,  starts  with  a  shift  in  the  employee  mindset.  Manu-

facturers  should  view  servitization  from  a  customer  perspective  and  include  a 

product’s  complementary  systems  and  services.  For  an  automotive  OEM,  it  might 

be  multi-modal  travel  for  an  urban  citizen  from  home  to  office,  to  a  shop,  and  then 

back  home—realized  through  a  combination  of  shared  electric  vehicle,  public 

transportation,  and  even  micro-mobility  e-bikes  for  the  last  mile. 

•  Independent,  empowered  teams.  Servitization  is  an  evolving  business  model. 

Leaders  need  to  make  quick  decisions  and  have  the  authority  to  make  changes 

more  rapidly  than  might  be  the  norm  for  their  company.  This  can  be  an  inde-

pendent  team  with  its  own  flat  structure,  targets,  key  performance  indicators,  and 

incentives.  The  unit  is  empowered  to  fast-track  necessary  investments  without 

long,  drawn-out  budget  cycles. 

•  Staged  technology  roadmap.  The  “as  a  service”  aspect  of  servitization  lends  itself 

well  to  an  incremental,  agile  deployment  approach.  Unless  required  to  meet  an 

emergency  market  need,  implementation  should  not  follow  a  big  bang  approach. 

Small  initial  steps  increase  adoption  and  opportunities  to  incorporate  learnings  and

Fig.  14  Recommendations  for  servitization  success.  Source   Infosys  research
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refine  the  model.  Adoption  stages  can  be  defined  in  terms  of  product  functionality, 

business  unit,  region,  technology  maturity,  or  likely  a  combination  of  these  factors. 

•  Escape  velocity  for  large-scale  servitization.  After  servitization  becomes  func-

tional,  adoption  of  a  critical  mass  is  required  to  attain  financial  viability.  Serviti-

zation  has  seen  several  false  starts  in  its  early  days,  largely  due  to  non-technology 

factors,  and  even  successful  pilots  often  do  not  scale  profitably.  Servitization 

can  require  significant  investment  during  its  initial  stages.  It  needs  to  cross  a 

threshold  of  scale  and  adoption  momentum  to  be  profitable  and  sustainable,  as 

seen  in  the  break-even  model.  To  achieve  this  servitization  escape  velocity,  orga-

nizations  should  include  longer  and  larger  investment  horizons,  even  if  they  start 

with  experiments  and  pilot  projects. 

Eric  Fang  and  Robert  Palmatier  mentioned  in  their  publication  that  the  impact  of 

a  firm’s  transition  to  services  remains  relatively  flat  or  slightly  negative  until  the 

firm  reaches  a  critical  mass  of  service  sales  (20–30%),  after  which  point  they  have 

an  increasingly  positive  effect  (Cusumano, 2004).  This  value  happens  to  be  close to  the  break-even  point  calculated  in  our  profitability  analysis  in  the  Nissan  Altima 

example. 

Servitization  is  the  poster  child  of  Industry  4.0,  a  manifestation  of  connected 

digital  technologies,  spanning  manufacturer  and  customer,  and  strategic  as  a  busi-

ness  model.  While  adoption  of  this  hybrid  model  has  been  inconsistent  to  date, 

servitization  is  set  to  rapidly  mature  as  a  business  model  and  become  the  norm  for 

B2B,  and  even  for  B2C  commercial  relationships.  Advanced  manufacturing  today 

cannot  afford  to  overlook  servitization  as  an  option  in  the  product  roadmap.  This 

chapter  has  sought  to  provide  a  foundation  and  guidance  for  business  leaders  to 

make  decisions  on  servitization,  with  a  view  from  multiple  perspectives  that  include 

business  models,  organizational  design  and  delivery  chains,  and  technology. 

8 

Recap 

The  main  points  covered  in  the  chapter: 

•  Customers  today  expect  servitization  as  a  business  model,  to  shift  spend  from 

long-term  capital  expenditure  for  physical  assets  to  day-to-day  operating  expense. 

Servitization  enables  operating  expense  in  a  pay-per-use  fashion.  The  product 

and  its  associated  services  are  bundled  as  one  customized,  integrated  offering 

for  customers,  shifting  the  responsibility  and  accountability  for  the  product 

performance  to  the  equipment  maker. 

•  For  servitization  to  be  efficient  and  profitable  for  manufacturers,  the  business 

model  must  translate  into  an  operating  model  by  means  of  effective  usage  of 

people,  digital  technologies,  processes,  and  value  chains  as  resources.  Pricing  is 

a  key  parameter  for  profitability,  accounting  for  elements  of  direct  and  indirect 

costs  as  well  as  inherent  risks. 
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•  Digital  technologies  like  IoT,  analytics,  cloud,  and  artificial  intelligence  are  essen-

tial  components  of  servitization.  Technologies  enable  smart  products  that  are 

closed-loop  in  nature  to  monitor  their  ongoing  performance  and  usage  in  real 

time.  The  information  asymmetry  that  technology  offers  to  the  equipment  maker 

is  an  opportunity  to  identify  valuable  insights  and  their  commercialization,  and  an 

opportunity  to  mitigate  the  risk  of  managing  the  equipment  across  their  lifetime. 

•  Servitization  is  a  phygital  business,  a  convergence  of  digital  and  physical 

approaches.  The  flow  of  information  and  cash  occurs  along  digital  channels.  An 

efficient  and  resilient  delivery  chain  is  key  for  the  physical  flow  of  spare  parts, 

consumables,  and  service  personnel  until  the  last  mile. 

•  Operational  scale  is  important  for  servitization  to  be  profitable  and  sustainable. 

Organizations  that  limit  their  implementation  to  proof-of-concepts,  pilots,  and 

small  implementations  risk  stopping  servitization  later.  Enterprise-wide  serviti-

zation  with  senior  management  buy-in  is  a  key  factor  for  long-term,  sustainable 

servitization. 
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Manufacturer’s Decisions for Sharing 

Products: Challenges, Opportunities 

and Optimal Strategic Plan 

Anupam Keshari and Manoj Kumar Tiwari 

1  Introduction 

Mobile  technologies  and  businesses  with  online  platforms  are  generating  many 

exciting  product  sharing  concept  implementations  and  business  growth  possibilities. 

In  an  ongoing  competitive  market,  use  of  the  digital  platform  for  regulating  a  product 

supply  and  customer-oriented  product  supplying  concepts  cannot  be  ignored  (Belk, 

2014;  Tian  &  Jiang, 2018),  wherein  one  emerging  segment  is  an  online  platform-based  product  sharing  business.  Consumers’  interest  in  rental  products  is  gradually 

increasing,  and  becoming  one  of  the  critical  segments  for  expanding  a  product’s 

market  size.  Manufacturers  (especially  those  who  have  a  monopoly  in  their  product 

market)  have  started  aligning  their  production  decisions  with  the  consumption  of 

the  product/reuse  and  the  product  sharing  market  influences  (Zervas  et  al., 2017; 

Zhang  et  al., 2019).  In  the  past  few  years,  product  sharing  has  brought  forward many  emerging  business  opportunities  from  which,  traditional  manufacturers  may 

benefit  (Agrawal  et  al., 2012;  Belk, 2014).  In  practice,  some  manufacturers,  such as  Hyundai  Group  for  instance,  have  taken  a  wait-and-watch  approach  to  introduce 

product  sharing  services.  Fraiberger  and  Sundararajan  (2017)  used  car-rental  data and  automobile-industry  data  from  Getaround  to  examine/study  the  distributional 

and  welfare  effects  of  a  peer-to-peer  rental  market.  Other  players  include  appli-

ance  manufacturers  (e.g.  Daikin,  Dacor,  Amica,  Arçelik  and  Franke-Artemis  etc.), 

Agricultural  machine/equipment  manufacturers  (e.g.  John  Deere,  CNH  Industrial 

N.V.,  and  AGCO  Corporation  etc.);  Bicycle  manufacturers  (e.g.  Giant,  Atlas,  Eddy 

Merckx  and  Specialized  etc.),  Bike  manufacturers  (e.g.  Triumph  Motorcycles,  Ducati 

and  KTM  etc.),  helicopter  manufacturers  (e.g.  AgustaWestland,  Airbus  Helicopters, 

Eurocopter,  NH  Industries  etc.)  and  many  more  are  looking  forward  to  utilizing  B2C
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product  sharing  business  for  expanding  their  market  size  (MacMillan,  2016;  Harland 

et  al., 2020). 

Product  sharing  is  thereby  being  considered  as  a  viable  alternative  for  many 

consumers  who  have  low  or  infrequent  usage  needs.  Product  manufacturers  may 

lose  some  potential  sales  because  of  the  C2C  product  sharing  market.  For  instance, 

some  firms  have  already  begun  experiencing  market  pressures  to  cope  with  the  canni-

balization  of  the  sharing  market;  some  others  have  been  compelled  to  proactively 

consider  different  options  to  influence  or  directly  participate  in  the  sharing  market 

(Zhang  et  al., 2021). Car  manufacturers,  such  as  BMW,  Mercedes-Benz  and  General Motors  for  instance,  have  entered  into  the  product  sharing  business  by  establishing 

rental  services  for  consumers  (Hawkins, 2016). 

This  chapter  aims  to  examine/discuss  product  sharing  business  in  view  of  the 

manufacturer’s  interest  to  enter  in  product  sharing  business.  Their  sources  of  compet-

itive  advantage,  roles,  motivations,  a  basic  mathematical  formulation,  and  an  analyt-

ical  model,  a  stepwise  approach  to  obtain  an  optimal  decision  are  discussed  in  detail. 

A  basic  mathematical  model  is  adopted  from  Tian  et  al. (2021)  that  can  be  utilized to  get  insights  and  evaluate  the  strategic  plan  of  entering  into  product  sharing  business.  Illustration  of  the  existing  formulation  is  improved  by  coining  some  needed 

terms/understanding,  i.e.,  customer’s  purchasing  power,  length  of  the  period  and 

parameter  normalization.  Such  product  sharing  problems  are  demonstrated  with 

simulated  case  studies  with  a  stepwise  approach  to  get  the  decision  insights. 

The  remaining  part  of  the  chapter  is  organized  as  follows:  different  online 

platform-based  business  along  with  the  product  sharing  market  and  manufacturer 

possibilities  to  enter  into  product  sharing  market  is  discussed  in  Sect. 2. Section  3 

elaborates  a  basic  mathematical  formulation  required  to  deal  with  product  sharing 

market  analysis  and  decision  makings.  An  analytical  model  available  in  the  literature 

is  illustrated  in  an  applied  manner.  Section  4  presents  a  stepwise  approach  to  evaluate  the  market  situation  if  the  manufacturer’s  entry  into  the  product  sharing  business 

is  profitable  or  not  profitable.  Simulated  case  studies  are  presented,  which  show  the 

implementation  of  the  reported  methodology/analytical  framework  for  two  scenarios; 

scenario-1:  rental  period  one  month;  scenario-2:  rental  period  one  day.  Section  5 

points  out  some  managerial  implications  and  remarks,  while  Sect. 6  concludes  the work,  and  shows  the  scope  for  future  studies. 

2  Online Platform-Based Business Models and Product 

Sharing Platforms 

Online  platform  businesses  today  have  emerged  as  a  user-friendly  option  for  fulfilling 

a  range  of  customer  needs,  including  accommodation,  meals,  transportation,  and 

even  banking,  personal  loans  and  investments.  They  include  HomeAway,  XiaoZhu 

and  Airbnbm  and  many  more  that  have  been  embraced  by  travelers,  ranging  from  low 

budget  student  customers  and  families  to  luxury  consumers  and  business  personnel. 
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Ola,  Uber,  Lyft,  ZipCar,  Grab  and  Turo  for  instance,  are  fast-growing  ride-sharing 

platforms  that  have  disrupted  often  inefficient,  unregulated,  sleepy,  and  expensive 

taxi  markets  around  the  world.  Zomato  and  Domino’s  delight  foodies  with  the 

opportunity  for  experiencing  delicious  food.  DesignerShare  and  RentMyWardrobe 

facilitate  sharing  your  wardrobe  with  enthusiastic  fashion  options  near  you.  These 

services  were  previously  provided  primarily  by  established  firms  in  traditional  indus-

tries,  such  as  taxi  companies,  hotels,  restaurants  and  wardrobe  rental  businesses, 

which  many  authors  referred  to  as  pipeline  businesses.  Nowadays,  it  is  evident  that 

sharing  economy  and  platform  business  models  are  significantly  changing  ecosys-

tems,  markets  and  consumption  patterns  (Wirtz  et  al., 2019). Even  with  a  lesser availability  of  products,  surplus  options  are  being  obtained  by  customers  (Loizos, 

2016). 

Many  types  of  online  platform-based  businesses,  including  communication, 

search,  matching,  social  media,  content  and  review,  payment,  booking  aggregator, 

retail,  crowdsourcing  and  crowdfunding,  development  platforms,  and  product  sharing 

platform  (Fig. 1)  are  gradually  growing  their  stable  business  in  their  respective  market segments. 

If  we  were  to  talk  about  product  sharing  rental  market,  these  platforms  are  classi-

fied  into  two  groups;  the  first  is  called  peer-to-peer  product  sharing.  It  is  a  C2C  product sharing  approach,  wherein  a  third-party  platform  is  utilized  to  share  a  product  from 

customer  to  customer.  The  second  is  called  manufacture-to-peer  product  sharing, 

wherein  a  manufacturer  supplies  the  sharing  products  to  the  market,  which  in  turn,  is 

rented  either  through  a  third-party  platform  or  a  manufacturer’s  own  product  sharing 

platform  (Li  et  al., 2019). 

Overall,  three  types  of  configurations  can  be  seen  in  the  product  sharing  market, 

i.e.:

a.  No  manufacturer’s  product  sharing  service  (only  third-party  product  sharing 

 service available) 

It  is  a  case  where  the  manufacturer  does  not  provide  product  sharing  service. 

The  manufacturer  only  sells  the  product.  Consumers  can  share  the  product  with 

needy  consumers  through  a  third-party  sharing  platform.  In  a  low  usage  value 

period,  the  owner  tries  to  rent  out  the  product,  using  the  third-party  sharing 

platform.  In  a  period  of  high  usage  value,  the  renter  rents  the  owner’s  product  via 

a  third-party  sharing  platform;  for  example:  Turo,  ZipCar,  Avis  are  examples  of 

third-party  car-sharing  platforms. 

b.  The manufacturer establishes own product sharing platform 

It  is  a  case  when  the  manufacturer  has  built  a  sharing  platform  to  compete 

against  the  third-party  sharing  platform.  Herein,  the  manufacturer  tries  to  remain 

good  in  its  retail  sales  of  the  product,  but  also  rents  the  product  to  customers 

through  self-built  sharing  platform.  The  owner’s  (customer  who  already  bought 

the  product)  behavior  is  similar  to  the  first  case,  while  the  renter  rents  the  manufac-

turer’s  product  from  his  platform  or  rents  the  owner’s  product  using  the  third-party 

sharing  platform.  Show  Now,  Porsche  drive  rental  etc.  are  manufacturer-owned 

car-sharing  platforms. 
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Sharing Economy Platforms 

-

Sharing of capacity-constraints assets and resources (bicycle 

and car sharing) 

-

Peer-to-peer sharing (Airbnb, Uber and Ola) 

-

Sharing of platform owner provided assets (ZipCar) 

-

Sharing of capacity-unconstraint resources (file, music and 

information sharing, usually peer-to-peer sharing 

Search Platforms 

Booking Platforms 

(Google, Bing, Yahoo and 

(Yatra.com, IRCTC, 

Booking.com and 

Safari etc.) 

Expedia etc.) 

Communication 

Retail Platforms 

(Amazon, Myntra, 

Platforms 

(WhatsApp, Skype, 

eBay and Big basket etc.) 

Zoom, WeChat and LINE 

Types of 

etc.)  

Payment Platforms 

platform-

(PayPal, Google Pay, 

based 

Social Media Platforms 

Visa and Rayzorpay etc.) 

business 

(Facebook, LinkedIn and 

models 

Twitter etc.)  

Crowdsourcing & 

Crowdfunding Platforms 

(Innocentive and 

Matching Platforms 

Kickstarter etc.) 

(TaskRabbit, Tinder and e-

Harmony etc.)  

Development Platforms 

Content and Review 

(Appstores and 

Platforms 

gaming consoles etc.) 

(YouTube, Yelp and 

Tripadviser etc.)  

Fig. 1  Type  of  online  platform-based  business  models  (Wirtz  et  al., 2019) c.  Manufacturer enters into product sharing business using third party platform 

It  is  a  case  when  the  manufacturer  offers  product  sharing  service  by  joining  a 

third-party  sharing  platform.  Hereby,  the  manufacturer  tries  to  remain  consistent 

with  its  retail  sales,  and  chooses  to  rent  out  the  product  to  customers  through  a  third-

party  sharing  platform.  The  owner’s  behavior  is  similar  to  the  first  case,  while  the 

renter  rents  the  manufacturer’s  product  or  the  owner’s  product  either  from  the  same 

third-party  sharing  platform  or  another  third-party  platform. 

This  chapter  is  dedicated  to  deal  with  the  configuration-b,  The  case  where   Manu-

 facturer establishes own product sharing platform.  To  show  a  car  rental  business, 

the  range  of  rental  charges  for  different  car  products  is  tabulated  there  in  Table  1. 
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Table  1  Example  of  some  luxury  cars  accessed  on  rent  (day-wise  rental  price  offered  by manufacturer’s  own  product  sharing  platform  and  third-party  product  sharing  platform) 

Rental  price  on  car  manufacturer’s  own  product 

Rental  price  on 

Price  difference 

sharing  online  digital  platform 

Turo  (third  party 

(%) 

platform) 

SHARE  NOW 

Mercedes- Benz 

$160

$150

6.25 

(Joint  venture  of 

GLA 

Daimler  AG  and 

BMW  1  series

$150

$150

0 

BMW) 

Mercedes  Benz 

$180

$175

2.8 

A-class 

Porsche  drive  rental  Porsche 

$265

$260

1.9 

718  Cayman 

Porsche  Macan

$245

$240

2.04 

Porsche  Cayenne

$295

$290

1.7 

 Source  Price  details  collected  from  the  respective  sharing  platforms 

Challenges and opportunities associated with the product sharing market 

Product  sharing  rental  businesses  are  celebrated  not  only  by  consumers,  but  also 

by  investors/manufacturers,  who  are  largely  optimistic  about  their  profit  potential 

and  competitive  market  pressure.  But  the  right  decision-making  for  this  business  has 

always  been  challenging  for  the  big  market  player  too.  ReachNow  sharing  platform 

established  by  BMW  in  the  year  2016  has  been  closed  in  the  year  2019.  Car2Go 

sharing  platform,  established  by  Mercedes-Benz  has  also  been  closed  after  two  to 

three  years.  In  fact,  there  are  many  examples,  where  product  sharing  has  failed  to 

reach  its  expected  benefits. 

A  business  focus  is  required  to  judge  the  market  situation  before  launching 

‘sharing  products’.  The  market  behavior  in  the  product  sharing  market  can  be  unex-

pected.  Moreover,  one  needs  to  keep  in  mind  that  it  is  a  relatively  new  area  of  research, 

due  to  which,  Analytica  or  mathematical  approaches  are  also  in  their  developing 

stage.  Tian  et  al. (2021)  presented  a  framework  that  explicitly  studied  a  manufacturer’s  incentive  to  enter  into  the  sharing  market  by  offering  its  own  rental  services. 

Many  times,  the  analytical  models  carry  some  assumptions,  which  effectively  restrict 

the  analysis  to  reach  realistic  situations.  The  manufacturers’  sharing  programs  are 

similar  to  the  C2C  sharing,  where  the  rental  is  of  very  short-term  and  temporary 

deals,  which  is  not  always  easy  to  handle. 

However,  the  manufacturer’s  own  platform-based  sharing  market  is  opening  good 

business  possibilities  for  several  products,  i.e.  tourist  vans,  luxury  cars,  agricultural 

and  heavy  equipment  and  helicopters/aircraft  etc.  Product  sharing  facilities  are  more 

beneficial  for  customers  (Tian  &  Jiang, 2018), whereby  they  are  always  in  a  win– 

win  situation  (Ioannis  et  al., 2017). In  some  situations,  the  manufacturer’s  entry  into the  rental  business  brings  economic  benefits  both  to  them  &  their  consumers,  and 

also  improves  the  larger  business  ecosystem  pushing  towards  environmental  benefits 

(Benjaafar  et  al., 2019). 
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3  Problem Definition and Mathematical Formulation: 

Manufacturer Establishes Own Product Sharing 

Platform 

It  is  considered  that  a  monopolist  manufacturer  is  producing  a  product  (generally  a 

heavy  price  product)  having  a  constant  marginal  cost.  The  tentative  market  size  is 

known  to  the  manufacturer.  Each  consumer  can  have  only  one  product  maximum. 

And,  all  the  consumers  who  already  bought  the  product  can  rent  it  out  using  a  third-

party  sharing  platform.  The  manufacturer  wishes  to  offer  a  certain  number  of  products 

through  its  self-build  online  sharing  platform  to  the  users/customers.  Basically,  the 

optimal  strategic  decision  demonstrates  a  trade-off  among  three  aspects  of  decisions, 

i.e.  effect  on  retails  sales  business,  profit  maximization  and  competition  with  third 

party  (C2C)  product  sharing  business  (Fig. 2). 

Assumptions:

•  Our  study  focuses  on  cases,  where  a  monopolist  manufacturer  sells  its  product 

(generally  a  high-cost  product)  directly  to  the  consumers. 

•  The  total  number  of  customers  interested  in  the  product  (either  to  buy  the  product 

or  get  the  product  on  rent)  is  normalized  to  one. 

Competition 

with third party 

platform service 

Optimal 

Decisions 

Profit 

Effect on 

maximization 

retail sales 

Fig. 2  Optimal  decision  making  and  the  major  concerns 
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• The  marginal  production  cost  of  the  product  is  assumed  to  be  constant. 

•  Consumer  usage  value  of  the  product  is  uniformly  and  independently  distributed 

in  the  consumer  population:   vi j   ∼  U [0 ,  1]. 

•   U  is  the  customer  use-value  (max)  of  the  product,  which  depends  on  the  customer’s 

purchasing  power  (purchasing  behaviors  and  standard  of  living). 

Model Primaries 

 Used notation/abbreviation 

•  z j  = Market-renting  price  at   j th  product  usage  period  (Equilibrium  condition 

only),  it  is  also  called  market  clearing  price  of  the  period  that  varies  period  by 

period  to  achieve  equilibrium  in  supply  and  demand  of  the  sharing  products. 

•  S  = Total  number  of  consumers  who  are  interested  to  buy  or  take  the  product  on 

rent.  This  quantity  is  normalized  to  one. 

•  Q  is  the  product  quantity  which  is  decided  by  the  manufacturer  as  a  sharing 

product.  Q  belongs  to  [0,  1]. 

•   P  is  the  product’s  retail  price. 

•   D(P, Q)  is  the  manufacturer’s  retail  demand  when  the  product  retail  price  is   P, and  the  number  of  rental  products  offered  to  the  market  is   Q. 

•   TC1  = C2C  transaction  cost:  consumer’s  (product  owner)  transaction  cost  per 

period  of  sharing 

•   TC2  = B2C  transaction  cost:  the  manufacturer’s  transaction  cost  per  period  of 

renting 

•   n  is  the  total  number  of  periods  for  which  policies  are  being  made 

•   c = unit  production  cost  (product  marginal  cost  is  assumed  to  be  constant) 

Note: 

(i)

If  unit  production  cost  c ≥ max[  (n+1 )+ (n−1 )( 1− TC 1 ) 2   ,   n( 1− T C

2

2 )],  in  this  condi-

tion,  no  consumer  can  afford  to  buy  the  product,  and  the  manufacturer  cannot 

gain  profit  to  rent  any  unit  of  the  product  in  equilibrium. 

(ii) 

If  B2C  transaction  cost   T C 2  ≥ 1,  even  under  this  condition,  the  manufacturer 

cannot  gain  profit  by  renting  the  product  (in  equilibrium). 

(iii)  If  B2C  transaction  cost   T C 1  ≥ 1,  there  aren’t  any  C2C  sharing  transactions 

(in  equilibrium). 

There  are  some  conditional  boundaries  for  some  parameters  that  can  present  non-

trivial  parameter  results.  Notably,  optimal  price,  appropriate  sharing  market,  and  the 

optimal  number  of  products  for  sharing  can  be  obtained  under  these  conditions  only. 

The  conditions  are  as  follows: 

Condition-1: 







 (n + 1 ) +  (n − 1 )( 1  −  T C 1 ) 2 

 c ∈ 0 ,   max

 ,   n( 1  −  T C 2 )

 T C 1   <    and T C 2   <  

2 

(1)
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Condition-2: 

 P  ∈ [ c,   n]

(2) 

C-max  is  defined  as  shown  in  Eq. (3). It  is  obtained  to  verify  if   c   is  satisfying condition-1. 





 (n + 1 ) +  (n − 1 )( 1  −  T C 1 ) 2 

 C −  max =  max

 ,   n( 1  −  T C 2 ) whereT C 1   <    and T C 2   <  1  (3) 2 

Note:  If  the  condition  fails  and  P  >  n,  no  customer  buys  the  product,  and  that  in equilibrium,  the  manufacturer  cannot  make  any  positive  profit  from  the  retail  market 

if  P  <  c.  So,  to  find  the  manufacturer’s  optimal  pricing,  we  need  to  examine  only 

the  case  of  P  ∈ [c,  n].  Also,  because  the  total  number  of  consumers  in  the  market  is 

normalized  to  one,  we  need  to  consider  only  the  case  of  Q  ∈ [0,  1]. 

Customers  know  about  the  product  sharing  platforms/information.  A  product 

owner  (already  bought  the  product)  can  rent  out  his/her  product  for  a  period  in  which, 

his/her  own  self-use  value  is  low,  and  for  that  period,  s/he  wishes  to  generate  some 

rental  income  by  renting  out  the  product.  Such  willingness  to  rent  out  the  product 

is  throughout  the  whole  owner  community.  Some  consumers  even  take  the  product 

on  rent  if  any  owner  or  manufacturer’s  offered  product  sharing  avail  the  product. 

Thus,  there  are  some  rental  demands  and  some  rental  product  supply  along  with  the 

product’s  retail  sales  in  each  period  of  the  deal.  The  product  sharing  market  achieves 

a  sub-game  equilibrium,  wherein  the  demand  meets  the  supply.  Market  clearing  price 

(rental  cost)  has  settled  down  in  such  a  way  so  that  the  market  reaches  the  equilibrium. 

The  game-theoretic  analytical  approach  first  determines  the  sub-game  equilibrium 

for  the  product  sharing  market  for  each  period  of  the  deal. 

In  each  usage  period  ( j),  the  sharing  market  achieves  a  clearing  rental  price  of 

the  product,  which  is  called  equilibrium  rental  price   zj,  at  which,  there  is  no  excess demand  or  supply  (including  the  manufacturer’s  rental  products)  for  sharing.  Tian 

et  al. (2021)  utilized  this  equilibrium  concept  and  proposed  a  relation  between  retail demand,  retail  price,  rental  sharing,  transaction  charges  and  expected  manufacturer’s 

profit  etc.  We  utilize  the  proposed  equations  to  solve  real-time  applied  manufacturer’s 

problems. 

 D(P, Q)  denotes  the  manufacturer’s  retail  demand  in  the  situation  of  retail  price   P 

and  rental  quantity   Q.  In  equilibrium,  when  some  consumers  buy  a  product  (i.e.,  D(P, Q) >  0)  is  the  most  valid  situation  of  analysis,  where  an  optimal  strategic  decision can  be  obtained  (Tian  et  al., 2021). 

⎧

⎪

⎪

⎨  1 i f P  +  (n − 1 )( 1  −  T C 1 )Q ≤  (n−1 )− (n−1 )( 1− TC 1 ) 2 

2 

 D(P,   Q) =  0 i f P  + [1  +  (n − 1 )( 1  −  T C

⎪

1 )]  Q  >    (n+1 )+ (n−1 )( 1− T C 1 ) 2 

(4)

⎪

2 

⎩

2 



 (n−1 )( 2· TC

 ) 

1  + 

1 − T C  1 

−   P+ (n−1 )( 1− TC 1 )Q 

2[1+ (n−1 )( 1− T C  2 

2 

1   )] 

[1+ (n−1 )( 1− TC 1   )] 
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The  expected  market-clearing  price  for  period   j  can  be  estimated  using  Eq.  (5). 



E  z j = 1  −  Q −  ( 1  −  T C 1 ) ·  D(P,   Q) when   j  ≥ 2

(5)



 Pr o f i t (π  (P,   Q)) =









 P ·  D(P,   Q) +

 n 

 z

 Q −  c[ D(P,   Q) +  Q]   i f D(P,   Q)  >  0

 j =2

 j  −  T C  2







 n 

(6) 

 z

 Q −  cQ  i f D(P,   Q) = 0 

 j =2

 j  −  T C  2

In  the  case  when   D(P,   Q)   >   0,  the  profit  function  consists  of  three  terms, i.e.  manufacturer’s  revenue  from  primary  retail  sales,  the  revenue  collected  from 

product  sharing  business,  and  the  manufacturer’s  total  production  cost  (Eq.(6)).  When D(P,   Q) = 0,  no  consumers  buy  the  product  (due  to  the  high  price  of  the  product). 

But,  customers  can  still  use  the  product  on  rent.  Here,  the  manufacturer’s  profit 

function  consists  of  two  terms  only:  the  manufacturer’s  rental  revenue  earned  from 

the  sharing  market  and  the  total  production  cost  of  the  sharing  products.  It  can  be 

observed  through  Eq.  (6)  that   D(P, Q)  shows  a  declining  trend  if  the  number  of  sharing products  ( Q)  is  increased.  The  manufacturer’s  rental/  sharing  operations  reveal  a 

cannibalizing  effect  on  its  retail  sales  market.  Before  entering  into  the  product  sharing 

market,  the  manufacturer  faces  challenges  in  strategically  optimizing  its  decisions 

in  these  two  markets  to  set  long-run  goals  and  to  maximize  its  expected  profit. 

The  profit  Eq. (6)  can  be  deduced  in  this  given  below  form  (Eq. (7))  also: Profit ( π ( P ,  Q )) =



P .  D ( P ,  Q ) +  ( n  − 1 )[1  − TC2  − Q  −  ( 1  − TC2 ) D ( P ,  Q )]Q  − c[D ( P ,  Q ) + Q] i f D(P,   Q) >  0 

 n( 1  − TC2  −  Q)Q −  cQ  i f D(P,   Q) = 0 

(7) 

By  proper  adjusting,  the  value  of  both   P   and   Q   could  result  to  maximize  the manufacturer’s  profit.  It  is  necessary  to  note  that  the  value  of   P   and   Q  are  highly affected  by  other  parameters  like   T C 1,  T C 2,  n  and   c.  In  their  decision,  the  managerial  body  is  required  to  consider  all  these  aspects/parameters  ( P,  Q,  T C 1,  T C 2, n,  E  z j ,  c  and  market  size)  for  reaching  to  an  optimal/profitable  decision.  In  the product  sharing  market,  when  a  manufacturer  provides  its  own  rental  service,  the 

manufacturer’s  B2C  rental  and  the  C2C  product  sharing  tend  to  compete  against 

one  another.  Herein,  a  natural  question  arises:  will  the  manufacturer’s  B2C  rental 

and  C2C  product  sharing  coexist  in  the  sharing  market  in  equilibrium?  What  are  the 

conditional  boundaries/implications?  A  comprehensive  explanation  is  presented  by 

Tian  et  al.  (2021). 
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4  Simulated Case Studies: Strategic Decisions for Product 

Sharing Business 

In  these  simulated  case  studies,  a  manufacturer  is  willing  to  enter  in  product  sharing 

market  along  with  its  retail  sales.  The  manufacturer  has  to  compete  with  third  party 

product  sharing  business  by  deploying  its  own  online  product  sharing  platform  (case-

b).  Before,  entering  into  this  new  business,  a  proper  strategic  plan  needs  to  be 

deployed/explored.  The  information  available  to  the  decision-makers  are  as  follows: 

•  Market  size  (number  of  customers  who  can  be  interested  to  buy  or  using  the 

product  provided  by  the  rental  option) 

•  Competitive  transaction  cost  offered  by  third  party  product  sharing  platforms 

•  Range  of  the  rental  charges 

•  The  marginal  cost  of  the  product 

•  The  number  of  periods  for  which  the  policy  is  being  made 

•  For  reaching  an  optimal  entry  decision,  the  points  given  below  need  to  be  explored. 

(i)

What  are  the  business  scenarios  wherein  entry  in  product  sharing  can  increase 

the  manufacturer’s  profit  (combined  profit  from  the  retail  and  rental  business)? 

(ii) 

Manufacturer’s  optimal  pricing  for  the  primary  (retail)  market 

(iii)  Variation  in  decision  parameters  analysis  of  their  impact  on  profit 

One  needs  to  determine  the  manufacturer’s  optimal  pricing  strategy  for  the  primary 

(retail)  market,  which  would  also  be  fruitful  for  the  product  sharing  market  in  long 

run. 

Scenario-1: one-month rental period 

Suppose,  the  following  information  is  available  to  the  decision-maker: 

•  Market  size  (number  of  customers  who  can  be  interested  to  buy  or  using  the 

product  provided  by  the  rental  option)  = 15000  customers 

•  Competitive  transaction  cost  offered  by  third  party  product  sharing  platforms 

( T C 1  =$  300) 

•  Product’s  retail  price  ( P)  = $85000  (A  luxury  car) 

•  Marginal  cost  of  the  product  ( c)  = $40000 

•  Number  of  periods  for  with  the  policy  is  being  made  (n  = 12);  one  period  = 

1  month 

•  Usage  value  ([0,  8000])  is  uniformly  distributed  among  all  the  15000  customers. 

Thus,  the  Average  Usage  Value  of  the  product  in  a  period  = $4000.  This  is  the 

average  usage  value  of  the  product  for  one  month,  as  one  month  is  considered  as 

one  period. 

•  Now,  let’s  consider  the  following  parameter,  whereby  we  maximize  the  total  profit 

( π).  

(i)

Manufacture  owned  product  sharing  transaction  cost  ( T C 2 )? 

(ii) 

Expected  clearing  price  (expected  rental  price)? 
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(iii)  Number  of  products  launched  by  the  manufacturer  for  the  rental  services  ( Q) 

Simulated study and solutions: 

 Step-1: Scale down or normalize the values of the parameters. 

Given  parameters  values  after  scaling  down  or  normalization: 

The  total  number  of  customers  is  normalized  to  one.  In  a  similar  proportion,  the 

quantity  of  sharing  products  would  also  be  scaled  down  between  0  and  1;  Q ∈ [0 ,  1]. 

 P  = $85 ,  000 /( 2  × 4000 ) = 10 .  625 

 T C 1  = 300 /( 2  × 4000 ) = 0 .  0375 

 c = 40 ,  000 /( 2  × 4000 ) = 5 

 Step-2: Check if condition-1 and condition-2 are satisfied. 

Optimal  or  nontrivial  solutions  can  only  be  achieved  if  the  conditions  shown  by 

Eqs. 1  and  2  are  satisfied.  Figure  3  shows  that  C-max  value  lies  between  11.5952 

and  12.  C  − max  ∈ [11 .  5952 ,  12],  which  is  always  greater  than   c,  and   P (retail  price 

= 10.625)  lies  between  [5,  12].  It  presents  that  both  condition-1  and  condition-2  are 

satisfied  in  this  case. 

 Step-3: Determine the range of Q for which non-zero retail demands can be found. 

Calculation  of  retail  demand   (D(P,   Q)) can  be  done  using  Eq. 4. However,  we  are interested  to  find  non-zero  retail  demand   (D(P,   Q) ∈  ( 0 ,  1 )).  We  find  that  non-zero retail  demand  would  be  obtained  when  Q  ∈ [0 ,  0 .  08].  Variation  in  Retail  demand w.r.t.  the  quantity  of  the  shared  product  is  shown  in  Fig. 4  Notably,  detail  demand  is inversely  proportional  to  the  amount  of  the  sharing  product. 

 Step-4: Determination of maximum profit and expected rental charge of the product. 

The  manufacturer’s  profit  equation  (Eq. (7))  is  utilized  to  obtain  the  profit  plot  shown in  Fig. 5  To  draw  this  plot  transaction  cost  ( T C 2)  is  varied  from  0  to  0.05.  The  quantity of  the  sharing  product  varies  from  0  to  0.08.  Four-point  coordinates  are  shown  over 

the  mesh  plot.  Maximum  profit  is  being  obtained  at  a  point,  where  both  Q  and   T C 2 

reach  zero  value  (Fig. 5).  Similarly,  expected  market-clearing  prices  (per  period rental  charge)  are  estimated  using  Eq.  (5).  Variation  in  rental  charge  w.r.t.  quantity of  sharing  product  is  represented  in  Fig. 6. 

Scenario-2: one day rental period 

Suppose,  the  following  information  is  available  to  the  decision-makers:

[image: Image 52]

[image: Image 53]
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Fig. 3  C-max  versus   T C 2  plot  (Relevant  for  Condition-1)

Fig. 4  Retail  demand  plot  when  Q  lies  between  0  and  0.08

[image: Image 54]

[image: Image 55]
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Fig. 5  Profit  variation  plot  when  the  quantity  of  sharing  product  and  transaction  charge  is  varied Fig. 6  Expected  rental  charge  for  a  period  versus  quantity  of  sharing  product
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•  Market  size  (number  of  customers  who  can  be  interested  to  buy  or  using  the 

product  provided  by  the  rental  option)  = 15000  customers 

•  Competitive  transaction  cost  offered  by  third  party  product  sharing  platforms 

( T C 1  =$  30) 

•  Product’s  retail  price  ( P)  = $85000  (A  luxury  car) 

•  Marginal  cost  of  the  product  ( c)  = $40000 

•  The  number  of  periods  associated  with  the  policy  is  360  (n  = 360);  one  period  = 

1  day,  and  the  policy  is  being  made  for  one  year. 

•  Customers’  usage  value  ( U)  lies  between  0  and  340.  [0,  340]).  Thus,  the  Average 

Usage  Value  of  the  product  in  a  period  = $170.  This  is  the  average  usage  value 

of  the  product  for  one  day,  as  one  day  is  considered  one  period. 

 Strategic constraints: 

Retail  demand  should  not  decrease  more  than  10%  of  the  actual  demand.  The 

transaction  charge  ( TC2)  should  be  lesser  than  the  third  party  transaction  charge 

( TC1). 

Strategic  plan  makers  have  to  decide  the  following  details: 

(i)

Manufacture  owned  product  sharing  transaction  cost  ( T C 2 )? 

(ii) 

Expected  clearing  price  (expected  rental  price)? 

(iii)  The  number  of  products  launched  by  the  manufacturer  for  the  rental  services 

( Q),  and  also  estimates  the  associated  percentage  rise  in  profit. 

Simulated study and solutions: 

 Step-1: Scale down or normalize the values of the parameters. 

Given  parameters  values  after  scaling  down  or  normalization: 

The  total  number  of  customers  is  normalized  to  one.  In  a  similar  proportion  quantity 

of  sharing  products  will  also  be  scaled  down  between  0  and  1;  Q ∈ [0 ,  1]. 

 P  = $85 ,  000 ( 2  × 170 ) = 250 

 T C 1  = 30 /( 2  × 170 ) = 0 .  0882 

 c = 40 ,  000 /( 2  × 170 ) = 117 .  64 

 Step-2: Check if condition-1 and condition-2 are satisfied 

Optimal  or  nontrivial  solutions  can  only  be  achieved  if  the  conditions  shown  by  Eqs. 

(1)  and  (2)  are  satisfied. 

Figure  7a  shows  that  C-max  value  lies  between  329.7  and  360.  C  − max  ∈ 

[329 .  7 ,  360], 

[image: Image 56]
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Which  is  always  greater  than   c,  and  P  (retail  price  = 250)  lies  between  [117.64, 

360].  It  presents  that  condition-1  and  condition-2  both  are  satisfied  in  this  case. 

 Step-3: Determine the range of Q which satisfies the strategic constraints. 

Calculation  of  retail  demand   (D(P,   Q)) can  be  done  using  Eq. 4.  We  are  interested to  launch  a  well-decided  quantity  of  the  product,  so  that  the  retail  demand  would  not 

reduce  more  than  10%  from  the  actual  demand. 

Retail  demand  is  inversely  proportional  to  the  amount  of  the  sharing  product 

(Fig. 7b). At  Q  = 0.0243038  (365  units),  retail  demand  was  reduced  by  around  10 

percent.  Thus,  not  more  than  365  units  of  the  product  can  be  launched  as  the  sharing 

product.  The  calculated  rental  charge  (market  clearing  price  = 0.0757178)  has  to  be 

$  257  as  shown  in  Fig. 7c. 

(a) 

(b) 

(c)

(d) 

Fig. 7  Four  important  plots  are  required  to  analyze  the  problem; a C-max  vs   T C 2  plot  (Relevant for  Condition-1); b Retail  demand  plot,  when  Q  lies  between  0  and  0.08; c expected  rental  charge for  a  period  versus  quantity  of  sharing  product; d Profit  variation  plot  when  the  quantity  of  sharing product  and  transaction  charge  is  varied
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Figure  7d  represents  the  maximum  profit  plot  by  varying  the  quantity  of  sharing products,  and  a  transaction  charge.  When  TC2  is  below  0.028  value  (around  $  9),  the 

manufacturer  starts  getting  more  profit  compared  to  non-product  sharing. 

•  If  none  of  the  products  is  launched  as  sharing  products,  the  maximum  profit  = 

35.2366 

•  If  (365)  products  are  launched  as  sharing  products,  with  no  transaction  charge 

and  257  rental  charges,  the  maximum  profit  is  35.4579. 

•  Percentage  of  profit  increase  by  launching  the  sharing  products  = (35.4579– 

35.2366)  × 100/35.2366  = 0.63%  profit  rise. 

5  Impacts and Managerial Implications 

We  found  that  within  scenario-1,  it  is  not  possible  to  provide  any  profit  to  the  manu-

facturer.  Herein,  the  manufacturer  can  identify  an  appropriate  region  (i.e.  usage  value 

depends  on  the  average  purchasing  power  of  the  customer)  to  launch  a  product.  And 

product  sharing  may  increase  the  profit,  but  manufacturers  would  suffer  from  retail 

sales,  which  may  even  drop  to  zero.  The  case,  wherein  the  rental  period  is  reduced 

to  one  day,  it  may  be  reiterated  that  it  generates  more  possibilities  for  profitable 

situations  (i.e.  scenario-2).  A  short-term  rental  period  favors  the  product  sharing 

business. 

Additionally,  some  managerial  implications  would  include: 

•  An  offering  of  sharing  products  for  short  rental  periods  builds  many  profitable 

conditions  for  manufacturers.  However,  renting  a  product  for  long  (e.g.  one  month) 

doesn’t  give  much  room  for  profit  rise. 

•  In  a  situation,  when  C2C  sharing  platform  is  offering  service  at  a  low  transaction 

cost,  and  the  production  cost  of  the  product  (marginal  cost)  is  not  very  high,  the 

manufacturer  will  not  find  it  a  suitable  condition  to  enter  the  product  sharing 

market  to  offer  its  own  rental  service.  In  fact,  the  optimal  condition  would  not  be 

profitable  for  the  manufacturer. 

•  Suppose  in  a  situation  when  the  C2C  sharing  platform  is  offering  sharing  service 

at  a  high  transaction  charge,  and  the  manufacturer’s  marginal  cost  of  production 

is  high,  the  manufacturer  could  search  for  an  optimal  strategy  to  offer  enough 

products  for  its  rental  service. 

•  If  the  product’s  retail  price  remains  constant,  third-party  transaction  charges, 

customers’  purchasing  power,  and  rental  period  time  become  the  main  deciding 

factors. 

The  discussion  about  an  analytical  model  remains  incomplete  until  we  also  discuss 

the  limitations  of  the  model/framework.  The  analytical  model  presented  carries  an 

assumption  about  the  first-period  situation.  In  the  first  period,  the  product  is  not 

available  in  the  market  at  all.  However,  effective  sharing  was  started  from  the  second 

period.  However,  in  a  more  realistic  situation,  even  in  period  zero,  there  would  be
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some  products  in  the  market  because  the  manufacturer  is  already  running  a  retail 

sales  business  for  long.  The  model  thereby  needs  to  add  some  provisions  so  that 

already  existing  product  influence  can  be  incorporated  into  the  model.  This  point 

could  possibly  be  incorporated  into  future  discussion/research. 

Till  now,  the  concept  of  intelligent  sharing  products  has  not  been  used  in  any 

sharing  product.  An  intelligent  sharing  product  is  one  that  has  facilities  to  keep 

records  of  its  sharing  history,  product  health  status  and  maintenance  perfection, 

product  knowledge  and  product  tracing  possibilities,  along  with  the  lifecycle  of  the 

product  (Kiritsis, 2011;  Lu  et  al., 2015). The  intelligent  sharing  product  concept  has not  yet  been  implemented  in  sharing  products  yet.  However,  this  product  sharing 

business  is  emerging  rapidly,  and  the  implementation  of  intelligent  sharing  product 

concept  would  shortly  be  witnessed  by  everybody. 

6  Conclusion 

This  study  focused  on  product  sharing  scenarios,  where  manufacturers  (e.g.  car 

manufacturers:  General  Motors,  Mercedes-Benz  and  BMW  etc.;  Appliance  manu-

facturers:  Daikin,  Dacor,  Amica,  Arçelik  and  Franke-Artemis  etc.;  Agricultural 

machine/equipment  manufacturer:  John  Deere,  CNH  Industrial  N.V.,  and  AGCO 

Corporation  etc.;  Bicycle  manufacturer:  Giant,  Atlas,  Eddy  Merckx  and  Special-

ized  etc.;  Bike  manufacturer:  Triumph  Motorcycles,  Ducati  and  KTM  etc.;  heli-

copter/aircraft  manufacturers)  enter  the  sharing  market  by  establishing  their  rental 

services  to  try  and  reap  the  benefit  of  technology  and/or  platform-enabled  product 

sharing  opportunities.  The  product  sharing  market  is  indeed  considered  as  a  highly 

volatile  market.  Long-term  strategic  planning  is  a  crucial  task  while  entering  this 

market.  Many  decision-making  issues  are  important,  and  need  to  be  analyzed  well 

in  advance,  viz,  sharing  product  potential  to  be  beneficial  to  raise  the  profit,  effect 

on  premier  businesses  (retail  sales),  expected  rental  charges,  transaction  charges, 

the  quantity  of  sharing  products,  expected  profit,  and  factors  to  compete  with  C2C 

third  party  sharing  platform,  etc.  This  chapter  adopted  the  mathematics  formulation 

presented  by  Tian  et  al. (2021)  and  demonstrated  it  for  solving  simulated  case  studies. 

Notably,  the  manufacturers’  optimal  entry  strategies  in  the  sharing  market  for  both 

short- and  long-term  rental  scenarios  were  studied  in  detail.  Additionally,  simulated 

case  studies  have  been  discussed  to  apply  the  framework  for  obtaining  strategic 

implications  and  decisions.  In  many  situations,  manufacturers  find  it  necessary  to 

build  their  own  product  sharing  platform  to  strengthen  competitiveness.  In  some 

market  conditions,  it  is  seen  that  the  manufacturer’s  entry  into  the  sharing  market 

provides  not  brings  economic  benefits  to  the  firm  and  consumers,  but  also  brings 

environmental  benefits  to  society  as  a  whole.  In  the  near  future,  more  exposure  to 

this  research  area,  case  studies  development  and  game-theoretic  analytical  modeling 

for  optimal  multi-criteria  decision-making  is  supposed  to  be  a  great  concern  for 

research,  industry  and  managerial  personnel. 
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1 

Introduction 

In  a  job-shop  layout,  machines  are  grouped  together  based  on  the  similarities  with 

respect  to  their  operations,  while  in  a  flow-shop  layout,  machines  are  arranged,  so 

that  the  jobs  would  undergo  processing  on  machines  in  the  forward  direction  (Fram-

inan  &  Ruiz-Usano, 2002; Rajendran  et  al., 2010).  The  flow-shop  layout  specifically,  has  the  advantage  over  job-shop  layout  in  terms  of  material  handling  (with  less 

overhead).  Additionally,  the  pull  system  can  easily  be  both  adapted  and  integrated, 

resulting  thereby  in  efficient  production  management  (Framinan  &  Ruiz-Usano, 

2002).  Furthermore,  the  flow-shop  layout  also  has  the  advantage  in  automating  the entire  flow-line  with  the  help  of  devices  and  tools  to  handle  materials,  and  also 

transfer  the  work-in-process  parts  between  machines  or  stations.  It  may  be  noted 

herein  that  automating  the  manufacturing  process  is  one  of  the  key  elements  in  digital 

manufacturing.  It  enables  rapid  production  of  goods  to  meet  customer  demands  with 

high-quality  standards  by  further  leveraging  various  technologies,  applications  and 

tools  (Zhou  et  al., 2012).  Recently,  Gillani  et  al., (2020)  studied  the  importance  of the  organizational,  technological,  and  environmental  factors  to  implement  digital 

manufacturing  technologies. 

As  a  part  of  Industry  4.0  (I4.0)  transformation,  manufacturing  industries  leverage 

upon  digital  technologies,  such  as  Internet  of  Things  (IoT),  Cloud  Computing,  Big
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Data  and  Analytics  (Frank  et  al., 2019). Their  objective  is  to  increase  productivity through  automation,  and  also  to  enable  better  decision-making  through  decision 

support  systems  (Sony  et  al., 2020). In  fact,  these  technologies  also  enable  the  manufacturers  to  create  a  digital  twin  of  the  process-line  (or)  flow-line,  so  that  the  entire 

process  of  the  flow-line  can  be  observed,  monitored  and  analyzed  remotely.  Then,  the 

data  collected  from  the  sensors  can  also  be  processed  and  transformed  into  action-

able  insights.  For  example,  in  the  context  of  flow-shop,  the  IoT  sensors,  capable 

of  collecting  the  important  metrics  of  the  machine  are  installed  in  each  machine 

in  the  flow-line,  and  the  respective  data  could  be  processed  in  cloud  through  event 

processing  to  transform  the  raw  data  to  actionable  items  ranging  from  predictive 

maintenance  to  understand  the  bottleneck  operation/machine  to  improve  the  cycle 

time  of  delivering  one  unit  of  work  (Szalavetz, 2019). As  the  flow  of  job  with  respect to  the  sequence  of  operations  is  already  known  (even  in  the  context  of  the  transformed 

flow-shop  layout  from  the  job-shop  layout),  each  job  can  be  tagged  with  respective 

job-type  (for  the  sequence  of  operations  to  be  performed)  with  the  help  of  tech-

nologies  such  as  Barcode,  Radio  Frequency  Identification  (RFID)  and  Near-Field 

Communication  (NFC),  so  that  the  respective  machine  can  decide  to  either  process 

the  job  for  specific  operation  or  pass/transfer  the  job  to  the  next  machine  in  the  flow-

line.  In  fact,  these  technologies  can  also  be  leveraged  to  track  these  jobs  from  their 

initial  stage  of  operation  until  they  are  handed  over  to  customers  as  finished  goods 

(Angeles, 2009). 

This  study  focuses  on  transforming  the  job-shop  layout  into  flow-shop  layout 

to  specifically  gain  these  advantages.  However,  at  the  same  time,  the  number  of 

machines  to  be  added  additionally  needs  to  be  minimized  to  reduce  costs  of  this 

new  setup  (flow-shop  layout).  Since  the  transformed  layout  is  designed  to  support 

the  processing  of  multiple  jobs  that  are  different  based  on  the  sequence  of  opera-

tions  to  be  performed  (i.e.,  the  machine  routings  can  be  different  for  jobs),  jobs  may 

have  to  skip  some  of  the  machines  in  the  flow-line.  This  problem  being  NP-Hard  is 

analogous  to  Common  Super  Sequence  (CSS)  problem  (Maier, 1978; and  Kimms, 

2000).  Framinan  and  Ruiz-Usano  (2002)  proposed  a  Mixed  Integer  Linear  Programming  (MILP)  model  for  transforming  the  job-shop  layout  into  flow-shop  layout,  and 

also  proposed  a  heuristic  to  solve  the  large-sized  problem  instances.  Subsequently, 

Framinan  (2005)  proposed  a  set  of  new  heuristics.  Rajendran  et  al.  (2012)  proposed an  ant-colony  algorithm,  while  Krishnaraj  (2021)  proposed  a  heuristic  algorithm for  solving  this  class  of  problem.  Their  heuristics  perform  better  than  the  heuristics 

by  Framinan  (2005).  Note  that  no  re-visit  of  a  machine  is  permitted  to  perform  a subsequent  operation. 

In  this  study,  the  focus  thereby  is  mainly  on  developing  MILP  models  that  are 

efficient  in  terms  of  the  CPU  time  to  solve  the  problem  instances.  The  motivation 

behind  this  study  is  that  the  relaxed  version  of  the  efficient  MILP  models  can  be 

utilized  to  get  lower  bounds,  which  in  turn,  could  possibly  be  utilized  to  measure  the 

quality  of  the  solutions  from  both  the  heuristics  and  meta-heuristics. 

First,  we  focus  on  the  special  case,  which  is  generally  studied  in  the  literature, 

and  where  all  the  jobs  in  job-shop  have  the  same  and  equal  number  of  operations 

(with  such  operations  on  a  job  being  processed  on  different  machines).  Herein,  we
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propose  a  MILP  model;  subsequently,  we  focus  on  the  generalized  case,  where  jobs 

can  have  different  sets  of  operations,  and  we  propose  a  comprehensive  MILP  model. 

We  also  evaluate  the  proposed  MILP  model  by  comparing  our  model  (for  the  special 

case)  with  the  MILP  model  in  the  literature  for  this  class  of  problem.  In  the  process, 

we  confirm  that  the  proposed  MILP  model  is  superior  in  terms  of  the  CPU  time  to 

execute  the  model  based  on  the  problem  instances  considered. 

2 

Existing  Model  in  the  Literature  by  Framinan 

and  Ruiz-Usano  (2002) 

This  section  presents  the  existing  MILP  model  in  the  literature  by  Framinan  and 

Ruiz-Usano  (2002), and  we  use  the  following  notations  and  constants  in  the  existing MILP  model,  using  the  same  notations  in  the  proposed  MILP  model  (for  the  special 

case)  as  well.  However,  we  do  use  a  different  set  of  notations  to  represent  decision 

variables  to  present  the  original  MILP  model  in  literature,  so  that  it  is  easy  for  readers 

to  compare  and  comprehend  the  models  proposed  in  the  work. 

Notations 

 J:

A  set  of  jobs  available  for  scheduling 

 N:

Total  number  of  operations  to  be  performed  to  complete  a  job 

 K:

Maximum  number  of  positions  of  placement  of  machines  to  be  considered  for  arriving  at 

the  flow-shop  layout;  and   K  = | J  | ×  N 

 i:

Index  for  the  machine 

 k:

Index  for  the  position  in  the  layout  of  machines 

 j:

Index  for  the  job;  j  ∈  J.  

Note: 

In  this  model,  it  is  assumed  that  the  total  number  of  operations,  N,  is  same  across  all jobs,  and  each  operation  is  done  on  a  distinct  and  unique  machine;  but  the  sequence 

of  operations  for  each  job  is  different,  hence  the  machine  routing  of  a  given  job 

corresponds  to  a  permutation  of  (1,2,  …,  N). 

Variables:

 Δ k ,  i  :

A  binary  variable  that  takes  the  value  1  if  machine  i  is  allocated  to  position  k  in  the 

flow-line  layout  of  machines;  0,  otherwise 

 Xk,   j,i  :

A  binary  variable  that  takes  the  value  1  if  machine  i  is  allocated  to  position  k  for 

performing  the  corresponding  operation  on  job  j;  0,  otherwise 

The  objective  function  (1)  focuses  on  minimizing  the  length  of  the  sequence  of machines  in  the  flow-shop  layout,  thus  minimizing  the  number  of  machines  to  be 

duplicated:
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 K

Σ   N

Σ 

Minimize  Z  = 

 Δk,i

(1) 

 k=1   i=1

Constraint  (2)  ensures  that  machine   i   that  is  present  in  the  machine  routing  with respect  to  job   j   is  allocated  to  one  of  the  positions  in  the  layout  (i.e.,  sequence)  of machines. 

 K

Σ   Xk,   j,i  = 1 ,   i  = 1 ,  2 ,...,   N ;  and  ∀  j  ∈  J. 

(2) 

 k=1 

Constraint  (3)  ensures  that  in  a  particular  position  (in  the  sequence  of  machine layout)  at  most  one  machine  can  be  allocated. 

 N

Σ   Δk,i  ≤ 1 ,   k  = 1 ,  2 ,...,   K . 

(3) 

 i =1

Constraint  (4)  ensures  the  precedence  constraints  with  respect  to  machine  routing of  job   j;  note  that  [ i]  represents  the  machine  in  the   i  th  position  in  the  machine  routing of  job   j: 

 K

Σ 

 K

Σ 

 k  ×  Xk,   j, [ i+1]  ≥ 

 k  ×  Xk,   j, [ i]  + 1 ,   i  = 1 ,  2 , . . . , (N  − 1 );  and  ∀  j  ∈  J.   (4) k=1 

 k=1 

Constraint  (5)  links  variables   Xk,   j,i   and  Δk,i  ,  such  that  machine   i   required  for processing  a  job  can  be  allocated  to  position   k   only  when  the  machine  is  allocated 

to  position   k:

Σ   Xk,   j,i  ≤ | J| × Δk,i ,   i  = 1 ,  2 ,...,   N;  and  k  = 1 ,  2 ,...,   K . 

(5) 

 j ∈ J 

3 

Proposed  Mixed  Integer  Linear  Programming  (MILP) 

Models 

This  section  presents  the  proposed  MILP  models  for  transforming  the  job-shop  layout 

into  flow-shop  layout;  in  Sect. 3.1, we  present  the  MILP  model  for  the  special  case, where  each  job  has  equal  number  of  operations  to  be  performed  to  complete  the 

respective  job;  and  in  Sect. 3.2,  we  present  the  comprehensive  MILP  model  for the  generalized  case  where  each  job  can  have  different  number  of  operations  (i.e., 

different  machine  routing)  to  be  performed  to  complete  the  respective  job. 
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 3.1 

 Special  Case:  Each  Job  Has  Equal  and  Same  Number 

 of  Operations 

In  this  special  case,  we  consider  the  job-shop  problem  where  we  have  a  set   J   of  jobs, and  each  job   j  ∈   J   consists  of   N   number  of  operations  to  be  performed  on  each  of the  given  number  of  machines,  but  the  sequence  of  operations  for  each  job  could 

be  different  (i.e.,  machine  routing  can  be  different).  When  converting  the  job-shop 

layout  into  flow-shop  layout,  based  on  the  machine  routing  for  each  job   j, in the  

worst  case,  the  final  flow-line  layout  may  demand  all  the  machines  to  be  replicated, 

resulting  thereby  in   K  = | J | ×  N   positions  to  be  considered  in  the  final  layout  (in the  worst  case).  Hence  our  objective  is  to  minimize  the  number  of  positions  to  which 

the  machines  are  allocated  so  that  all  the  jobs  can  complete  their  operations  in  the 

flow-shop  or  flow-line  layout  (with  less  overhead  costs  of  having  the  replications  of 

machines). 

Variables 

 δi,k  :

A  binary  variable  that  takes  the  value  1  if  the  machine  i  is  allocated  to  position  k;  0, 

otherwise

 Δ, 

:

A  binary  variable  that  takes  the  value  1  if  machine  i  that  is  present  in  the  machine 

 i,k,   j 

routing  of  job  j  is  allocated  to  position  k;  0,  otherwise 

The  objective  function  (6)  focuses  on  minimizing  the  length  of  the  sequence  of machines  in  the  flow-shop  layout,  minimizing  thereby  the  number  of  machines  to  be 

replicated. 

 K

Σ   N

Σ 

Minimize   Z  = 

 δi,k

(6) 

 k=1   i=1 

Constraint  (7)  ensures  that  machine   i   that  is  present  in  the  machine  routing  of  job j   can  be  allocated  to  position   k   only  when  the  machine  is  allocated  to  position   k: Δ, 

≤  δ

 i,k,   j 

 i,k ,   i  = 1 ,  2 , . . . ,   N ;  k  = 1 ,  2 , . . . ,   K ;  and  ∀  j  ∈   J. 

(7) 

Constraint  (8)  ensures  that  machine   i   that  is  present  in  the  machine  routing  of  job j   is  allocated  to  exactly  one  position: 

 K

Σ   Δ, = 1 ,   i  = 1 ,  2 ,...,   N;  and  ∀  j  ∈  J. 

(8) 

 i,k,   j 

 k=1

Constraint  (9)  ensures  the  precedence  constraints  between  machines  in  the 

machine  routing  of  job   j;  note  that  [ i]  represents  the  machine  in  the   i  th  position in  the  machine  routing  sequence  of  job   j:

158

C. Rajendran et al. 

 K

Σ 

 K

Σ 

 k  ×  Δ,[

≥ 

 k  ×  Δ, 

+ 1 ,   i  = 2 ,  3 , . . . ,   N;  and  ∀  j  ∈  J. (9) i ] ,k,   j 

[ i−1] ,k,   j 

 k=1 

 k=1 

Constraint  (10)  ensures  that  in  a  particular  position  (in  the  sequence)  at  most  one machine  can  be  allocated: 

 N

Σ   δi,k  ≤ 1 ,   k  = 1 ,  2 ,...,   K . 

(10) 

 i =1 

Constraint  (11)  ensures  that  a  machine  is  allocated  to  at  least  one  position: K

Σ   δi,k  ≥ 1 ,   i  = 1 ,  2 ,...,   N. 

(11) 

 k=1 

Constraint  (12)  helps  to  compress  the  final  sequence  so  that  only  the  earlier  positions  are  allocated  with  the  machines  when  compared  to  the  later  positions  in  the 

flow-line: 

 N

Σ 

 N

Σ 

 δi,k  ≥ 

 δi,k+1 ,   k  = 1 ,  2 , . . . ,   K  − 1 . 

(12) 

 i =1 

 i =1 

 3.2 

 Generalized  Case:  Each  Job  Can  Have  Different  Number 

 of  Operations 

In  this  part  of  the  study,  we  extend  the  special  case,  so  that  each  job   j   has  its  ordered machine  routing  set   n  j  .  Further,  in  order  to  transform  the  job-shop  into  flow-shop layout,  the  maximum  number  of  positions  to  be  considered  in  this  generalized  case 

Σ 

is   K  =

| n  |.  In  this  section,  we  present  the  comprehensive  MILP  model  for 

 j ∈ J 

 j

the  generalized  case. 

Notations 

 N:

Total  number  of  distinct  and  unique  machines  over  all  jobs  in  set  J 

 K:

Maximum  number  of  positions  to  be  considered  while  arriving  at  the  flow-shop  layout; 

Σ 

 K  =

| n 

 j ∈ J 

 j | 

It  is  to  be  noted  that  set   n  j   corresponds  to  a  permutation  of  a  sub-set  of  machines (1,2,  …,  N) of size  | n  | ≤

| ≥

 j

 N   and  | n  j

2. 
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The  objective  function  (13)  focuses  on  minimizing  the  length  of  the  sequence  of machines  in  the  flow-shop  layout,  thus  minimizing  the  number  of  machines  to  be 

replicated. 

 K

Σ   N

Σ 

Minimize   Z  = 

 δi,k

(13) 

 k=1   i=1 

Constraint  (14)  ensures  that  machine   i   that  is  present  in  the  machine  routing  of job   j   is  allocated  to  position   k   only  when  the  machine  is  allocated  to  position   k   in the  flow-line:

 Δ, 

≤  δ

 i,k,   j 

 i,k ,  ∀  j  ∈   J  ;  k  = 1 ,  2 , . . . ,   K ;  and  i ∈n  j (14) 

Constraint  (15)  ensures  that  machine   i   that  is  present  in  the  machine  routing  of  job j   is  allocated  to  exactly  one  position;  [ i]  represents  the  machine  in  the   i  th  position  in the  machine  routing  sequence  of  job   j: 

 K

Σ 

| |

 Δ, 

| |

[

= 1 ,  ∀  j  ∈  J;  and  i  = 1 ,  2 , . . . , n 

(15) 

 i ] ,k,   j 

 j

 k=1

Constraint  (16)  ensures  the  precedence  constraints  between  machines  in  the 

machine  routing  of  job   j;  note  that  [ i]  represents  the  machine  in  the   i  th  position in  the  machine  routing  sequence  of  job   j: 

 K

Σ 

 K

Σ 

 k  ×  Δ,[

≥ 

 k  ×  Δ, 

+ 1 ,  ∀  j  ∈  J ;  and  i  = 2 ,  3 , . . . ,  | n 

 i ] ,k,   j 

[ i−1] ,k,   j 

 j | . 

(16) 

 k=1 

 k=1 

Constraint  (17)  ensures  that  in  a  particular  position  (in  the  sequence)  at  most  one machine  can  be  allocated. 

 N

Σ   δi,k  ≤ 1 ,   k  = 1 ,  2 ,...,   K . 

(17) 

 i =1 

Constraint  (18)  ensures  that  a  machine  is  allocated  to  at  least  one  position: K

Σ   δi,k  ≥ 1 ,   i  = 1 ,  2 ,...,   N. 

(18) 

 k=1 

Constraint  (19)  helps  to  compress  the  final  sequence  so  that  only  the  earlier positions  are  allocated:
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Table  1  A  problem  instance  for  the  special  case 

Jobs

Machine  routing 

Job  1

2

1

5

4

3 

Job  2

1

4

5

3

2 

 N

Σ 

 N

Σ 

 δi,k  ≥ 

 δi,k+1 ,   k  = 1 ,  2 , . . . ,   K  − 1 . 

(19) 

 i =1 

 i =1 

 3.3 

 A  Numerical  Example  for  the  Special  Case 

Let  us  consider  a  job-shop  problem  with  2  jobs  and  5  operations  (with  5  corresponding 

machines),  and  the  problem  instance  is  presented  in  Table  1. 

This  problem  instance  is  solved  by  our  proposed  MILP  model  (for  the  special 

case);  the  optimal  number  of  machines  required  to  convert  this  job-shop  layout  in 

to  flow-shop  layout  is  7.  The  values  of  the  corresponding  binary  decision  variables 

( δi,k, Δ, 

)  are  presented  in  Tables  2  and  3.  The  optimal  flow-shop  layout  in  the i,k,   j 

perspective  of  the  machines  that  are  capable  of  doing  the  set  of  operations  (i.e.,  the 

machine  layout)  is  presented  in  Fig. 1. 

Table  2  Values  of  the 

Decision  variable

Value 

decision  variable   δi,k 

 δ 1 ,  2

1 

 δ 2 ,  1

1 

 δ 2 ,  7

1 

 δ 3 ,  6

1 

 δ 4 ,  4

1 

 δ 5 ,  3

1 

 δ 5 ,  5

1 

Table  3  Values  of  the 

Decision  variable

Value

Decision  variable

Value

decision  variable  Δ,  i,k,   j 

 Δ, 

1

 Δ, 

1

2 ,  1 ,  1

1 ,  2 ,  2

 Δ, 

1

 Δ, 

1

1 ,  2 ,  1

4 ,  4 ,  2

 Δ, 

1

 Δ, 

1

5 ,  3 ,  1

5 ,  5 ,  2

 Δ, 

1

 Δ, 

1

4 ,  4 ,  1

3 ,  6 ,  2

 Δ, 

1

 Δ, 

1

3 ,  6 ,  1

2 ,  7 ,  2
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2 

1 

5

4

5

3

2 

Fig.  1  A  transformed  flow-shop  layout:  special  case 

Table  4  A  problem  instance  for  the  generalized  case 

Jobs

Machine  routing 

Job  1

2

1

5

4

3 

Job  2

1

4

5

3 

 3.4 

 A  Numerical  Example  for  the  Generalized  Case 

Now,  let  us  consider  a  job-shop  problem  with  2  jobs;  note  that  the  first  job  contains 

5  operations  with  the  corresponding  machines,  and  hence  the  machine  routing;  but 

the  second  job  contains  only  4  operations,  and  the  problem  instance  is  presented  in 

Table  4. 

This  problem  instance  is  solved  with  our  proposed  MILP  model  (for  the  gener-

alized  case);  the  optimal  number  of  machines  required  to  convert  this  job-shop 

layout  to  flow-shop  layout  is  6.  The  values  of  the  corresponding  binary  decision 

variables  ( δi,k, Δ, 

)  are  presented  in  Tables  5  and  6. The  optimal  flow-shop  layout i,k,   j 

of  machines  is  presented  in  Fig. 2. 

Table  5  Values  of  the 

Decision  Variable

Value 

decision  variable   δi,k 


 δ 1 ,  2

1 

 δ 2 ,  1

1 

 δ 3 ,  6

1 

 δ 4 ,  3

1 

 δ 4 ,  5

1 

 δ 5 ,  4

1 

Table  6  Values  of  the 

Decision  variable

Value

Decision  variable

Value

decision  variable  Δ,  i,k,   j 

 Δ, 

1

 Δ, 

1

2 ,  1 ,  1

1 ,  2 ,  2

 Δ, 

1

 Δ, 

1

1 ,  2 ,  1

4 ,  3 ,  2

 Δ, 

1

 Δ, 

1

5 ,  4 ,  1

5 ,  4 ,  2

 Δ, 

1

 Δ, 

1

4 ,  5 ,  1

3 ,  6 ,  2

 Δ, 

1

3 ,  6 ,  1
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2 

1

4

5

4

3 

Fig.  2  A  transformed  flow-shop  layout:  generalized  case 

4 

Computational  Evaluation  of  the  Proposed  MILP  Model 

with  the  Existing  MILP  Model 

In  this  section,  we  compare  the  performance  of  our  MILP  model  (for  the  special 

case)  with  the  existing  MILP  model  in  the  literature  by  Framinan  and  Ruiz-Usano 

(2002).  For  comparing,  we  use  the  benchmark  instances  (for  the  job-shop  problem) proposed  by  Lawrence  (1984).  Specifically,  we  consider  the  set  of  instances,  where the  total  number  of  jobs  ranges  from  5  to  10,  and  the  number  of  operations  per  job  is 

5.  We  present  the  results  of  the  comparison  evaluation  in  Table  7. Notably,  our  MILP 

model  is  able  to  perform  well  in  terms  of  the  CPU  time  to  solve  these  instances. 

Additionally,  we  note  that  the  existing  model  in  literature  is  unable  to  converge  to 

optimum  for  any  of  the  instances  that  were  considered  (especially  when  we  limit  the 

execution  time  to  3600  s),  whereas  our  proposed  MILP  model  (for  the  special  case) 

is  able  to  find  the  optimal  solution  within  420  s  (the  maximum  time  taken  by  our 

model). 

Note: 

When  we  execute  the  existing  MILP  model  in  literature  for  3600  s,  the  solver  is  not 

able  to  find  the  optimum  within  3600  s. 

Table  7  Computational  evaluation  of  the  proposed  MILP  model  and  the  existing  model  for  the special  case 

Instance  Id

(Total  number  of 

Optimal  flow-shop 

CPU  time 

CPU  time 

jobs,  and  the 

length  (Z) 

(in  seconds): 

(in  seconds): 

number  of 

our  MILP  model 

existing  model  in 

operations  per  job) 

(for  the  special 

the  literature 

case) 

1

(10,  5)

13

38.20

– 

2

(10,  5)

12

49.06

– 

3

(10,  5)

12

17.02

– 

4

(10,  5)

13

65.05

– 

5

(10,  5)

12

22.28

– 

6

(15,  5)

14

420.58

– 

7

(15,  5)

14

121.33

– 

8

(15,  5)
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14
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10
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14

415.70

– 
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Conclusion 

This  study  considered  the  problem  of  transforming  a  job-shop  layout  into  flow-

shop  layout,  and  proposed  a  MILP  model  for  the  special  case,  where  the  number  of 

operations  is  the  same  across  all  jobs.  Subsequently,  we  considered  the  generalized 

case,  where  each  job  can  have  different  number  of  operations  (or  different  sets  of 

machine  routings).  The  comparative  evaluative  study  has  confirmed  that  the  proposed 

MILP  model  (for  the  special  case)  is  superior  in  terms  of  the  CPU  time  to  solve  the 

problem  instances,  when  compared  to  the  existing  MILP  model  referred  to  in  extant 

literature. 
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of  Digital  Manufacturing  Systems 
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1 

Introduction 

In  the  past  few  centuries,  manufacturing  has  undergone  a  series  of  revolutions 

catalyzed  by  technological  and  supply  chain  (SC)  innovation.  The  1st  revolution  (late 

eighteenth  century)  was  characterized  by  mechanization,  with  advances  in  steam 

power;  2nd  (early  twentieth  century—late  1970s)  by  the  assembly  line  and  mass 

production;  3rd  (1970s  to  date)  by  information  technology  and  automation;  and  very 

recently,  the  4th  with  advances  in  the  Internet  of  Things  (IoT)  and  Services.  The  4th 

Industrial  Revolution  (4IR)  is  unique  from  its  predecessors  in  the  sense  that  it  is  a 

confluence  of  several  digital  technologies  (e.g.  3D  printing,  IoT  and  Robotics),  mate-

rials  (e.g.  bio  and  nano-based),  processes  (e.g.  data-driven  production  and  AI),  with 

far-reaching  implications  for  manufacturing  operations  (Koh  et  al., 2019). The  potential  of  these  new  Digital  Manufacturing  Systems  (DMS)  has  attracted  the  attention  of 

organisations  and  national  governments  alike,  as  tools  to  improve  competitiveness. 

Notably,  it  has  spurred  the  articulation  of  different  DMS  strategies  from  over  30 

developed  and  developing  nations  of  the  world. 

By  and  large,  DMS  policies  adopted  by  different  nations  are  diverse,  thereby 

making  it  difficult  to  assess  leading  practices,  and  facilitate  implementation  decisions. 
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Moreover,  there’s  significant  confusion  in  terms  of  the  definition  of  DMS,  particu-

larly,  its  characteristic  dimensions,  and  links  with  strategies  of  adopting  organisa-

tions  and  economies  (Culot  et  al., 2020).  This  chapter  seeks  to  address  these  gaps  by analysing  DMS  policies  of  six  countries  (i.e.  USA,  China,  UK,  Germany,  Japan,  and 

India),  to  highlight  strategic  dimensions  for  DMS  development.  By  doing  so,  we  look 

to  develop  an  assessment  framework  to  guide  implementation  decisions,  both  at  the 

organisational  and  national  levels.  Country  selection  was  based  on  competitiveness 

rankings  of  economies,  according  to  a  Deloitte  report  (Deloitte, 2017). Additionally,  we  identify  some  salient  manufacturing  characteristics  that  are  representative 

of  DMS  systems,  coupled  with  contextual  drivers  that  shape  competitive  priorities  of 

national  economies,  with  enabling  technologies.  Finally,  we  cite  some  DMS  imple-

mentation  examples  from  the  six  subject  economies.  The  rationale  for  citing  these 

anecdotal  examples  are  because  DMS  deployment  across  manufacturing  SCs,  has  so 

far,  been  fragmented.  Therefore,  actual  adoption  levels  are  hard  to  ascertain. 

The  remainder  of  this  chapter  is  organised  as  follows.  Section  2  discusses  DMS 

strategies  employed  by  six  nations  based  on  publicly  available  documents.  Section  3 

analyses  the  DMS  strategies  of  these  six  nations  to  develop  an  assessment  frame-

work  and  qualitative  ratings.  Section  4  discusses  the  Political,  Economic,  Social  and Technological  drivers  that  are  shaping  the  business  landscape  of  the  six  economies 

and  respective  future  manufacturing  characteristics.  Section  5  explores  the  DMS 

implementation  examples  in  the  six  nations.  Section  6  makes  recommendations  for industry  and  academia  and  the  last  section  concludes  with  the  research  contributions. 

2 

Digital  Manufacturing  Visions 

The  past  decade  has  witnessed  a  plethora  of  manufacturing  changes  related  to 

I4.0  from  different  countries,  articulated  categorically  through  their  policy  docu-

ments.  It  has  often  been  argued  that  the  USA  was  the  first  country  to  articulate 

its  manufacturing  strategy,  given  that  the  Advanced  Manufacturing  Partnership 

(AMP),  published  its  public  policy  document  in  June  2011,  even  before  Germany, 

which  is  regarded  as  the  main  protagonist,  and  proponent  of  I4.0  (Liao  et  al., 2018). 

However,  the  contents  of  the  AMP’s  policy  document  focused  on  establishing  manu-

facturing  leadership.  A  similar  trend  has  also  been  observed  in  the  UK,  where  the  High 

Value  Manufacturing  Catapult  published  its  strategy  report  for  2012–2015,  under-

scoring  the  importance  of  improving  the  UK’s  manufacturing  leadership.  Subse-

quently,  Germany  published  its  manufacturing  strategy  in  April  2013.  Other  nations 

appear  to  have  been  inspired  with  their  publications  coming  up  in  the  following 

years  up  to  2017.  These  national  strategies  captured  action  plans  that  are  necessary 

to  develop  the  respective  manufacturing  characteristics  of  nations,  a  theme  that  would 

be  dealt  with  in  Sect. 4.  This  section  reviews  and  compares  the  DMS  strategies  of the  6  aforementioned  nations  as  articulated  in  publicly  available  policy  documents. 
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 2.1 

 USA  Manufacturing  Strategy  Development  (2011–2022) 

National  level  discussions  on  revitalizing  the  manufacturing  sector  began  in  June 

2011,  when  the  President’s  Council  of  Advisors  on  Science  and  Technology  (PCAST) 

presented  a  report  that  highlighted  the  risks  that  the  USA  manufacturing  indus-

tries  faced,  and  a  corresponding  proposal  to  revitalise  its  leadership  positioning  in 

advanced  manufacturing  (PCAST, 2011). As  a  result,  AMP  was  launched  in  June 

2011  at  Carnegie  Mellon  University  by  the  president  of  the  USA.  The  purpose  of 

AMP  was  to  bring  together  the  government,  the  industry,  and  academia  to  identify 

the  most  pressing  challenges  and  transformative  opportunities  to  improve  technolo-

gies,  processes  and  products  across  multiple  manufacturing  industries  (The  White 

House, 2011). 

In  February  2012,  a  ‘National  Strategic  Plan  for  Advanced  Manufacturing’  was 

presented  by  the  Committee  on  Technology  of  the  National  Science  and  Technology 

Council  (NSTC)  (NSTC, 2012). In  July  2012,  the  AMP  steering  committee  presented its  first  report  to  the  president,  comprising  16  recommendations  aimed  at  rein-venting  the  manufacturing  landscape  in  the  USA  around  3  pillars  (PCAST, 2012):  (1) Enabling  innovation,  (2)  Securing  a  talent  pipeline,  and  (3)  Improving  the  business 

climate.  Following  advice  from  the  AMP  steering  committee,  the  first  manufacturing 

innovation  institute  (America  Makes)  was  established  in  2012.  Furthermore,  prelim-

inary  design  documents  for  the  ‘National  Network  for  Manufacturing  Innovation 

(NNMI)’  were  published  in  2013.  The  vision  of  this  program  was  to  re-establish 

USA’s  position  as  the  global  leader  in  advanced  manufacturing. 

Considering  the  rising  USA  manufacturing  sector,  and  learnings  from  previous 

initiatives,  AMP  was  re-chartered  (AMP  2.0).  Recording  a  major  milestone  in 

February  2014,  the  Digital  Manufacturing  and  Design  Innovation  Institute  (DMDII) 

was  established.  DMDII  aimed  to  work  with  factories  across  the  USA  to  connect 

every  process  of  the  manufacturing  lifecycle  through  digital  technologies  and  data 

for  smarter  decision-making,  aiming  to  drive  better  end-to-end  design,  manufacturing 

and  business  decisions  i.e.  a  Digital  Supply  Chain  (DSC)  (Deloitte, 2017). Later  in 2014,  the  AMP2.0  steering  committee  submitted  a  2nd  report  (PCAST, 2014)  that built  on  the  recommendations,  and  3  pillars  proposed  by  the  initial  report.  The  AMP 

2.0  steering  committee  offered  12  further  recommendations  to  accelerate  manu-

facturing  innovation,  growth,  and  competitiveness.  It  further  identified  3  priority 

manufacturing  technology  areas,  namely:  (1)  Advanced  sensing,  control,  and  plat-

forms  for  manufacturing,  (2)  Visualization,  informatics,  and  digital  manufacturing 

and  (3)  Advanced  materials  manufacturing.  Overall,  the  report  recommended  a  well-

orchestrated,  whole-of-government  effort  for  revitalizing  leadership  in  advanced 

manufacturing.  In  December  2014,  Congress  passed  the  ‘Revitalise  America  Manu-

facturing  and  Innovation  (RAMI)’  Act.  Importantly,  ever  since  2014,  many  research 

institutes  specializing  in  priority  technologies  have  been  established.  Subsequently, 

the  Manufacturing  USA  program  was  developed,  bringing  together  a  range  of  public-

private  institutes  (Manufacturing, 2016). In  2016,  the  name  ‘National  Network  for Manufacturing  Innovation’  was  changed  to  ‘Manufacturing  USA’  recognizing  the
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impact  of  the  program  in  securing  the  manufacturing  future  of  America.  The  latest 

manufacturing  strategy  document  was  released  in  2018  (SAM, 2018). 

 2.2 

 Chinese  Manufacturing  Strategy  Development 

 (2015–2049) 

Leading  up  to  the  ‘Made  in  China  2025’  plan,  China  released  several  documents 

related  to  digital  manufacturing  at  the  ministerial  level.  In  2012,  a  paper  for  industry 

digitalisation  was  first  published,  and  later  in  the  same  year,  a  smart  manufacturing 

plan  was  released.  Similarly,  a  ‘Industrial  Robots  development  plan’  and  ‘Cloud 

Computing  opinion  document’  was  released  in  2013  and  2015  respectively;  subse-

quently,  there  was  also  a  plan  for  3D  printing  (Wübbeke  et  al., 2016). In  May  2015, China’s  State  Council  unveiled  its  national  plan  for  transforming  the  manufacturing 

industry,  entitled  ‘Made  in  China  2025’,  highlighting  nine  strategic  tasks  and  ten 

priority  sectors  (Council, 2015).  This  was  a  three-step  strategy  designed  to  develop China  into  a  leading  manufacturing  world  superpower  by  2049  (Table  1). China’s development  depends  on  the  full  implementation  of  integrated  industrial  processes 

and  systems,  and  a  robust  multilayer  talent  development  structure. 

When  referring  to  manufacturing  modernisation,  ‘Smart/Intelligent  manufac-

turing’  is  the  term  that  is  often  used  in  China,  highlighting  the  autonomy  of  manufac-

turing  systems.  This  is  reflected  in  many  policy  documents,  which  were  released  after 

the  MIC  2025  plan.  Some  key  documents  include:  ‘Made  in  China  2025:  Key  Area 

Technology  Roadmap  (2015)’  (NMSAC, 2015), ‘Internet  plus  action  plan  (2015– 

2018)’  (MIIT, 2015),  ‘Plan  for  Development  of  Robotic  Industry  (2016–2020)’ 

(NDRC, 2016), ‘Opinions  on  Improving  the  Innovation  System  of  Manufacturing  and Table  1  MIC  2025  project  scope  and  timeline 

Timeline

Project  scope 

2015–2025 • Strive  to  become  a  manufacturing  power

• Substantial  improvement  in  the  level  of  manufacturing  information  technology

• Focus  on  digitization  and  smart  manufacturing  technologies

• Reduce  energy,  labour,  and  material  consumption

• Improve  China’s  position  in  the  global  industrial  value  chain

• Improve  manufacturing  quality,  labour  productivity

• Mastering  several  key  core  technology  areas 

2025–2035 • Strive  to  become  a  mid-ranking  global  manufacturing  power

• Improve  Innovation  capacity  leading  to  major  breakthroughs  in  key  technology 

areas

• Enhanced  competitiveness  and  fully  realised  industrialisation 

2035–2049 • Strive  to  become  the  leading  manufacturing  superpower

• Leader  in  manufacturing  innovation

• Securing  a  competitive  position  in  advanced  technology  and  industrial  systems 
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Establishment  of  Manufacturing  Innovation  Centres  (2016)’  (MIIT, 2016), ‘National Intelligent  Manufacturing  Standardisation  Guidelines’  (MIIT, 2018).  Lastly,  the 

‘Smart  Manufacturing  Development  Plan ’   was  released  in  2016.  The  plan  is  a 

programmatic  document  to  guide  smart  manufacturing  development  in  five  years 

(MIIT, 2016).  Various  other  documents  on  smart  manufacturing  implementation 

were  also  released  by  MIIT,  which  are  discussed  in  Sect. 5. 

 2.3 

 UK  Manufacturing  Strategy  Development  (2013–2050) 

Over  the  past  decade,  the  UK  has  created  various  policies  geared  towards  industri-

alisation.  The  first  document  related  to  Advanced  Manufacturing  is  the  ‘Future  of 

Manufacturing’  document  published  by  the  UK  government’s  office  for  science  in 

2013  (Foresight, 2013).  Some  of  the  key  features  of  the  report  include  four  future manufacturing  characteristics  for  the  UK  industry  in  2050:

• Responsiveness  and  closeness  to  customers  through  decentralisation

• Exploiting  new  market  opportunities

• Sustainability  and

• Demand  for  highly  skilled  workers. 

Three  systemic  areas  of  government  focus  were  defined,  namely:  taking  an  integrated 

view  of  manufacturing,  targeting  specific  value  chain  stages,  and  enhancing  policy 

evaluation  capability  of  government  over  the  long-term.  Policy  alignment  and  coor-

dination  problems  that  come  with  administrations  in  new  electoral  cycles  were  also 

highlighted.  It  recommended  the  establishment  of  an  “Office  for  manufacturing”,  to 

oversee  policy  coordination  over  the  long  term,  similar  to  counterparts  in  the  USA  and 

Australia.  In  another  report  published  by  the  foresight  project  in  the  same  year,  imple-

mentation  barriers  for  advanced  technologies  namely:  3D  printing,  AI  and  Machine 

learning,  Big  Data,  Cloud  Computing,  Cybersecurity,  Robotics,  and  sensors,  were 

identified  (Dickens  et  al., 2013). Subsequently,  the  Department  for  Business  and Energy  presented  an  industrial  strategy  to  parliament  in  2017  (Great  Britain, 2017). 

Key  dimensions  of  the  strategy  included  investments  in  AI  and  Data  revolution,  capi-

talizing  on  green  revolution,  world  leadership  in  the  future  of  mobility,  and  harnessing 

innovation  ageing  society’s  needs.  In  the  same  year,  UK’s  digital  strategy  document 

was  published  (Depart  for  Culture,  Media  &  Sport, 2017). 

The  policy  aims  to  unlock  the  power  of  data  by  building  world-class  infrastruc-

ture,  providing  access  to  digital  skills,  supporting  start-ups  and  existing  businesses 

in  digital  transformation.  Notably,  the  UK  coordinates  and  executes  its  I4.0  initia-

tives  through  several  agencies  (Table  2).  The  UK  Industrial  strategy  appears  to  be two-pronged,  one  arm  that  focuses  on  the  digital  component  through  the  ‘Digital 

Catapult’,  aiming  to  provide  Digital  Capabilities  to  businesses.  The  other  arm  (i.e. 

the  ‘High  value  manufacturing  catapult’)  focuses  on  manufacturing.  Other  agencies 

in  the  eco-system  are  designed  to  support  basic  research  in  institutions  of  higher 

learning  (RC)  and  applied  research  for  commercialisation. 
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Table  2  Agencies  and  their  functions 

UK  Agency

Function 

Knowledge  transfer  network

Identifies  companies  that  need  support 

European  enterprise  network

Identifies  companies  that  need  support 

Innovate  UK

Invest  in  tech  and  research  projects 

Research  councils  (RC)

Invest  in  tech  and  research  projects 

Digital  catapult  (DC)

Providing  access  to  industry  scale  facilities  and  capabilities  to 

devise,  test,  and  implement  4IR 

 2.4 

 German  Manufacturing  Strategy  Development 

 (2013–2025) 

Germany’s  Digital  Manufacturing  activities  date  back  to  2006,  when  it  started 

promoting  IoT  and  services  through  the  Federal  government’s  innovation  policy 

called  “High  Tech  Strategy  2025”  (German  Federal  Government, 2019).  The  three key  pillars  of  this  policy  include:  tackling  grand  challenges  in  ‘Healthcare’,  ‘Sustainability,  climate  protection,  and  Energy’,  ‘Mobility,  ‘Urban  and  Rural  Areas’,  ‘Safety 

and  Security’  and  ‘Economy  and  work  4.0’;  developing  future  competencies  through 

technology,  skilled  workers  and  common  citizens’  participation;  promoting  open 

innovation  and  venture  culture  by  supporting  new  forms  of  collaboration.  Subse-

quently,  the  ‘Industry  4.0  platform’  was  set  up  to  coordinate  digital  transformation 

in  the  German  industry.  The  structure  of  the  platform  is  presented  (Plattform  Indus-

trie4.0, 2019). It  brings  key  stakeholders  together  to  realise  3  key  objectives:  develop visionary  concepts  and  solutions  for  implementation,  stimulate  industry  digitisa-tion  through  national  and  international  cooperation  and  support  SMEs  in  turning 

ideas  into  practice.  The  working  groups  oversaw  various  research  initiatives,  and 

published  its  final  I4.0  report  with  recommendations  to  the  German  industry  in  2013 

(Acatech, 2013).  A  dual  strategy  was  proposed  consisting  of  deploying  Cyber  Physical  Systems  (CPS)  to  improve  domestic  manufacturing  efficiency,  along  with  the 

development  and  marketing  of  CPS  technologies  to  foreign  markets.  8  priority  areas 

were  highlighted  for  action,  namely:  standardisation  and  open  standards,  manage-

ment  of  complex  systems,  delivery  of  comprehensive  broadband  infrastructure  for 

industry,  safety  and  security,  work  organisation  and  design,  training  and  continuing 

professional  development,  regulatory  framework,  and  resource  efficiency. 

A  Reference  Architecture  Model  for  I4.0  (RAMI)  was  created,  defining  the 

integration/interoperability  standards,  along  three  dimensions  namely:  product  life-

cycle,  horizontal  integration  in  value  networks,  and  vertical  integration  in  facto-

ries.  RAMI  was  also  meant  to  facilitate  cooperation  between  working  groups  and 

industry  associations  (ZVEI, 2015). The  I4.0  platform  utilises  its  global  pool  of technical  and  specialist  expertise  to  address  transnational  issues  such  as  standardisation,  IT  security,  etc.  Knowledge  transfer  to  SMEs  was  facilitated  through  online 

maps  and  compass  tools  that  provided  information  on  use  cases,  test  centres,  and 

support  services  available  nationwide.  Strategic  policies  in  other  sectors  have  also
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been  created  to  complement  I4.0.  For  example,  the  Artificial  Intelligence  Strategy— 

2018,  aims  to  establish  Germany’s  leadership  in  AI  through  the  creation  of  a  national 

network  of  12  centres  and  application  hubs  to  increase  innovation  diffusion,  espe-

cially  to  SMEs  (German  Federal  Government, 2019). The  German  Digital  Policy— 

2014  aims  to  support  digital  infrastructure  development,  accelerate  science  digitisa-

tion,  cyber-security,  etc.  Horizontal  integration  of  value  networks  for  Servitisation 

is  extended  in  another  initiative  called  the  ‘Smart  Services  Welt’,  which  recom-

mends  the  development  of  an  innovation  platform  to  facilitate  knowledge  diffusion, 

especially  to  SMEs  (Acatech, 2015). 

 2.5 

 Japanese  Manufacturing  Strategy  Development 

 (2015–2030) 

In  2015,  the  Industrial  Value  Chain  Initiative  was  established  by  Japanese  manu-

facturers,  developing  a  reference  architecture  that  includes  Smart  manufacturing 

units,  Cyber-Physical  Manufacturing  Platforms,  and  an  Eco-system  framework.  In 

2016,  the  Japanese  government  proposed  ‘Society  5.0’,  which  envisions  a  future 

beyond  I4.0,  focusing  on  economic  growth  and  social  welfare.  Society  5.0  is  based 

on  I4.0  technologies,  such  as  Big  Data,  IoT,  AI,  and  Robotics  and  their  applica-

tion  to  every  industry  and  social  life  (Government  of  Japan, 2018). In  the  same  year, 

‘Future  Vision  Towards  2030s  was  established  with  four  specific  strategies  including 

mobility,  supply  chain,  healthcare,  and  living  to  enhance  innovation  ecosystems 

(Ministry  of  Economy, 2017a). This  vision  also  included  the  roadmap  for  smart  SCs, an  advanced  SC  system  at  50  Japanese  sites  in  2020  and  the  establishment  of  an 

optimized  SC  through  data  links  by  2030. 

To  achieve  ‘Society  5.0’,  ‘Connected  Industries’  was  initiated  to  focus  on  various 

connections  and  collaborations.  This  initiative  prioritised  five  fields,  including  Manu-

facturing  and  Robotics,  Automated  Driving  and  Mobility  service,  Biotechnolo-

gies  and  Materials,  Infrastructure,  Safety  Management  and  Smart  Life  (Ministry 

of  Economy, 2017b).  Cross-sectoral  policies  were  also  outlined,  having  three  cores (I)  sharing  and  utilisation  of  real  data,  including  the  establishment  of  new  regulation 

for  data-sharing  and  support  for  developing  AI  Systems  across  various  industry 

levels,  (ii)  Environmental  improvement  for  data  utilisation,  encouraging  human 

resource  development  in  the  data  field,  enhancement  of  Cybersecurity  and  devel-

opment  of  innovative  AI  chips.  (iii)  Expansion  of  initiatives,  promoting  local  SMEs 

and  enhancement  of  Japan’s  system  exports  through  international  collaboration. 

In  2018,  a  new  measure  for  productivity  improvement  (CI  tax  system)  was 

proposed  to  encourage  collaboration  and  data  utilisation  across  organizations.  Before 

initiating  Society  4.0,  Japan  had  established  the  new  robot  strategy  in  2015  with  a 

five-year  action  plan  to  maintain  its  status  as  a  ‘Robotic  superpower  nation’  with 

ambitions  to  become  the  Global  robot  innovation  hub  (Ministry  of  Economy, 2015). 
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This  initiative  stressed  upon  the  development  of  next-generation  robots  with  inter-

operable  hardware  products  in  IoT  and  AI.  It  aimed  to  increase  the  robot  adoption 

rate  in  assembly  units  by  25%  for  large  companies  and  10%  for  SMEs  by  2020. 

 2.6 

 Indian  Manufacturing  Strategy  Development 

 (2011–2025) 

The  Department  of  Industrial  Policy  and  Promotion  initiated  the  National  Manu-

facturing  Policy  in  2011  with  the  following  important  objectives:  (i)  Increase  the 

contribution  of  the  manufacturing  sector  by  at  least  25%  of  the  National  GDP  by 

2022.  (ii)  Create  100  million  additional  jobs  in  manufacturing  by  2022  (iii)  Increase 

advanced  technology  adoption  in  manufacturing  and  domestic  value  addition  (iv) 

Create  appropriate  policy  support  for  the  enhancement  of  global  competitiveness, 

through  the  development  of  Indian  manufacturing  skill  sets.  (v)  Ensure  sustainability 

of  growth  and  optimal  utilisation  of  natural  resources. 

In  2014,  the  Government  of  India  (GoI)  launched  the  ‘Make  in  India’  initiative  to 

transform  India  into  a  global  manufacturing  and  design  hub.  This  initiative  identified 

and  focused  on  25  primary  sectors  including  automobile,  aviation,  defense  manufac-

turing,  electrical  machinery,  electronic  systems,  pharmaceuticals  etc.  (Government 

of  India, 2014).  At  a  global  level,  India  ranked  second  for  its  growth  rate  in  digital adoption  (2014–2017).  Given  the  same  growth  rate,  India  is  expected  to  generate  one 

trillion  USD  by  2022  (Ministry  of  Electronics  Information  Technology, 2019). In 2015,  the  Digital  India  program  was  established  to  boost  Infrastructure  development 

projects  and  implement  various  strategies  to  promote  IoT  start-ups,  including  incu-

bation,  start-up  connect  and  growth  tracking  programs.  Other  initiatives  developed 

include  (I)  Centre  of  Excellence  for  IoT  &  AI,  founded  to  develop  domains  capa-

bility  and  innovation  applications  in  various  streams  such  as  Smart  Manufacturing 

(for  Autonomy  and  Real-time  data  sharing),  Smart  Cities,  Smart  Health  and  Smart 

agriculture,  by  providing  interoperable  and  multi-technology  stack  laboratory  facil-

ities.  (ii)  Nation  supercomputing  mission  provides  High-Performance  Computing 

to  national  academics  and  R&D  institutes  (iii)  The  Open  government  data  India 

platform  is  an  initiative  for  single-point  access  to  datasets  jointly  developed  by 

Indian  and  US  governments  (iv)  To  promote  innovation,  R&D  in  electronics  design 

and  manufacturing,  the  Electronics  Development  Fund  was  established  to  provide 

risk  capital  through  daughter  funds.  (v)  The  Botnet  Cleaning  and  Malware  Anal-

ysis  Centre  was  created  to  secure  Indian  cyberspace.  In  2019,  a  national  policy  on 

electronics  was  formulated  to  promote  domestic  manufacturing  and  export,  with 

an  estimated  turnover  of  $400bn  by  2025.  To  develop  Indian  manufacturing  hubs, 

32  projects  were  initiated  to  build  11  industrial  corridors  with  a  dedicated  freight 

corridor  (Department  for  Promotion  of  Industry  &  Internal  Trade, 2020).  Various schemes  for  upgrading  MSMEs  have  also  been  introduced  including  (i)  subsidy  for 

the  deployment  of  cloud  computing,  (ii)  15%  subsidy  for  technology  upgrades.  In

Cross-Country Comparative Analysis of Digital …

173

January  2021,  the  National  Strategy  on  Blockchain  was  initiated  to  implement  a 

national-level  Blockchain  framework. 

3 

Cross-Country  Analysis  of  DMS  Strategies 

To  facilitate  comparison  of  DMS  strategies  across  the  subject  nations,  the  authors 

needed  a  framework  to  highlight  best  practices;  however,  such  a  ready-made  frame-

work  was  not  available  at  the  time  of  writing  this  chapter.  Therefore,  this  section 

proposes  a  Digital  Strategy  Orientation  Framework  (DSOF),  which  would  possibly 

be  valuable  in  evaluating  the  digital  orientation  of  different  national  manufac-

turing  strategies.  This  framework  consists  of  10  dimensions,  which  were  derived 

inductively  from  the  DMS  strategies  of  respective  countries.  Section  3.1  discusses the  key  dimensions  that  make  up  the  framework,  while  Sect. 3.2  presents  DSOF, including  the  digital  orientation  levels  and  descriptions.  Finally,  Sect. 3.3  evaluates  the  manufacturing  strategies  of  countries  under  investigation  by  applying  the 

framework. 

 3.1 

 DMS  Strategy  Dimensions 

Manufacturing  has  long  been  the  cradle  for  innovation  and  technology  develop-

ment,  with  innovation  emerging  from  a  high  R&D  concentration.  This  component 

is  recognized  as  a  priority,  to  different  degrees,  by  industrialised  nations  in  the  I4.0 

age.  For  example,  the  I4.0  platform  was  set  up  in  Germany  to  develop  visionary 

research  concepts  for  implementation  (Plattform  Industrie  4.0, 2019). One  of  the primary  drivers  behind  USA’s  manufacturing  revitalization  efforts  is  the  fear  of 

losing  competitive  advantage  in  R&D  terms  (PCAST, 2011).  Similarly,  China  has a  large,  but  not  technologically  advanced  manufacturing  ecosystem  as  developed 

nations.  Hence  China  believes  that  promoting  R&D  is  key  to  securing  manufac-

turing  leadership  (MIIT, 2016).  Therefore,  ramping-up  innovation  ecosystems  play a  significant  role  in  industrial  revitalisation  and  sustenance.  Top  performing  nations 

focus  on  establishing  sound  national  innovation  ecosystems,  which  connect  people, 

resources,  policies,  and  organizations  to  efficiently  translate  new  ideas  into  commer-

cialized  products  and  services  (Deloitte, 2016). Hence,  R&D  was  considered  as  the first  dimension  of  a  sound  DMS  strategy. 

‘Investments’  are  also  very  critical  in  enabling  innovations;  and  digital  manu-

facturing  transformation  does  require  significant  investments,  which  are  unattrac-

tive  for  SMEs  in  the  short-term.  Thus,  to  remove  investment  barriers  to  technology 

adoption,  accessibility  to  government  grants  is  crucial.  PCAST  (2011)  noted  that 

all  industrial  nations  are  investing  significantly  in  growing  and  revitalizing  manu-

facturing  sectors,  highlighting  the  importance  of  federal  investments  in  new  tech-

nology,  shared  infrastructure,  etc.  for  the  birth  and  growth  of  new  industries  (PCAST, 
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2011).  Similarly,  UK  has  dedicated  government  institutes,  such  as  Innovate  UK  and Research  Councils,  which  provide  grants  to  companies  for  various  R&D  projects 

(Great  Britain, 2017).  For  largescale  adoption  of  DMS,  private  investments  are  also crucial.  However,  private  investments  in  manufacturing  technologies  have  dramatically  shrunk  in  some  countries  in  recent  years  (SAM, 2018).  Additionally,  it  may  be noted  that  support  for  DMS  initiatives  can  also  be  bolstered  by  loosening  barriers, 

while  incentivising  Foreign  Direct  Investments  (FDIs).  Therefore,  we  considered 

‘investments’  as  the  second  key  dimension  for  a  sound  DMS  strategy. 

DMS  adoption  can  be  accelerated  by  designing  ‘DMS-friendly  policies’  as 

unfriendly  types  inhibit  industry  growth.  These  policies  may  come  in  different  forms, 

including  taxation,  trade,  digital  manufacturing  clusters,  accelerator  programs,  regu-

latory  incentives,  etc.  The  government  as  a  key  stakeholder  has  the  core  responsibility 

in  this  regard.  For  example,  the  government  can  develop  policies  that  remove  red 

tapes  and  enable  technologies  to  be  developed  and  deployed  rapidly  (SAM, 2018). 

Such  ‘friendly  policies’  are  essential,  and  allow  more  industries,  especially  SMEs,  to 

embrace  digital  technologies  and  increase  industrial  competition.  However,  having  a 

set  of  unrelated  policies  does  not  ensure  country-wide  digital  manufacturing  success. 

Therefore,  effective  ‘coordination  of  DMS  policies’  and  ‘support  from  complemen-

tary  policies’,  also  matter.  These  dimensions  have  been  reflected  in  varying  degrees  in 

the  DMS  policies  of  nations.  For  example,  Japan  established  complementary  policies, 

such  as  ‘connected  industries’  that  define  regulations  for  data  sharing  and  support 

for  AI  systems.  Similarly,  China  introduced  ‘internet+’  to  promote  the  integration 

of  informatization  and  industrialization  in  the  digital  age  (Hermann  et  al., 2016).  As such,  a  good  manufacturing  strategy  should  have  a  mechanism  to  translate  policies 

to  practice  at  the  grass-root  level  and  policies  should  complement  the  ultimate  digital 

manufacturing  agenda. 

Despite  the  availability  of  investments,  the  lack  of  industrial  case  studies  could 

create  hesitation  amongst  potential  adopters,  due  to  the  novelty  and  disruptive  nature 

of  digital  technologies.  This  makes  ‘collaboration’  a  major  priority  to  realise  nation-

wide  digital  manufacturing  transformation.  For  example,  in-depth  collaboration 

among  enterprises  in  the  field  of  manufacturing  equipment,  automation,  software, 

communication,  and  the  internet  are  priorities  in  China.  Moreover,  different  tiers  in 

government  must  also  work  in  a  coordinated  fashion,  and  take  collective  actions  to 

support  the  implementation  of  advanced  manufacturing  (SAM, 2018).  Leading  R&D 

centres,  institutes,  and  universities  could  play  a  supporting  role  as  apex  bodies  and 

consultants  to  partner  industries  to  drive  change,  and  provide  support  throughout 

the  transformation  lifecycle.  Another  good  example  of  industrial  collaboration  is  the 

RAMI  framework  in  Germany  (ZVEI, 2015).  It  is  evident  that  public-private  partnerships,  government-industry-university  partnerships,  as  well  as  competitor  partner-

ships  can  positively  impact  national  digital  manufacturing  transformation.  Therefore, 

‘collaboration’  is  a  key  dimension,  which  must  be  embedded  in  a  good  manufacturing 

strategy. 

The  establishment  of  government  bodies  and  research  centres  responsible  for 

digital  manufacturing  transformation  seems  highly  effective  in  many  countries.  Such 

initiatives  bring  industries  together  to  achieve  expected  milestones  by  maximizing
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the  utilisation  of  scarce  resources.  A  good  example  is  the  ‘Manufacturing  USA’ 

program.  According  to  the  latest  Manufacturing  USA  Highlights  Report,  14  manu-

facturing  USA  institutes  (refer  to  Sect. 5.3  for  more  details)  successfully  completed 561  major  applied  R&D  projects  along  with  1920  member  organizations  in  2019 

alone.  Another  example  is  the  centre  of  excellence  for  IoT  and  AI  set  up  in  India  to 

jumpstart  the  digital  ecosystem.  Similarly,  China  has  been  emphasizing  the  impor-

tance  of  establishing  manufacturing  innovation  centres,  focused  on  smart  manufac-

turing  and  developing  key  common  technologies  and  infrastructure  (MIIT, 2016). 

These  programs  can  quickly  close  gaps  in  required  facilities  and  stir  up  national 

enthusiasm  for  digital  transformation.  Moreover,  these  facilities  also  need  coupling 

with  relevant  infrastructure.  For  example,  the  smooth  operation  of  digital  technolo-

gies  requires  high-speed  fibre  network  connectivity  with  low  latency.  As  a  result, 

governments  are  becoming  increasingly  aware  of  the  benefits  of  investing  in  shared 

facilities  and  technology  infrastructure,  which  would  help  companies  reach  digital 

manufacturing  goals.  Therefore,  ‘facilities  and  infrastructure’  is  a  key  dimension  of  a 

sound  digital  manufacturing  strategy  focused  on  accelerating  digital  manufacturing 

transformation. 

Focus  on  ‘skills  development  and  training’  is  another  priority.  According  to  the 

global  manufacturing  competitiveness  index  (2016),  the  skill  levels  directly  impact 

the  manufacturing  competitiveness  of  a  country  and  talent  remains  the  number  one 

driver  for  global  manufacturing  competitiveness  (Deloitte, 2016). A  study  by  Deloitte and  the  manufacturing  institute  in  the  USA  estimated  that  the  cost  of  manufacturing 

skill  gap  in  the  digital  age  could  potentially  be  about  $1  trillion  in  2030  for  the 

USA  alone.  Therefore,  many  business  leaders  have  expressed  concerns  regarding  the 

growing  shortage  of  workers  with  skills  and  knowledge  in  STEM  subjects  compared 

to  emerging  opportunities  in  the  manufacturing  sector.  Hence,  ‘Skills  development 

and  training’  is  identified  as  a  key  dimension,  which  must  be  embedded  in  a  sound 

digital  manufacturing  strategy. 

When  a  country  excels  in  the  aforementioned  policy  dimensions,  success  of  digital 

manufacturing  transformation  still  depends  on  DMS  implementation.  Hence,  digital 

technology  adoption  is  the  main  driver  for  manufacturing  industry  transformation 

(Carolis  et  al., 2017),  and  having  a  clear  technology  implementation  roadmap  is an  important  element  of  a  sound  digital  manufacturing  strategy.  Pilot  programs  and 

technology  demonstrators  are  critical  first  steps  for  implementation.  Therefore,  ‘tech-

nology  implementation  and  pilot  projects’  is  also  a  key  dimension  for  successful 

Digital  Manufacturing  transformation.  Lastly,  the  majority  of  manufacturing  compa-

nies  in  the  subject  nations  are  SMEs.  Therefore,  for  successful  digital  manufacturing 

transformation  across  a  country,  DMS  development  in  SMEs  is  critical.  As  part 

of  strategic  initiatives,  the  countries  provide  incentives  to  SMEs  for  implementing 

digital  technologies.  For  instance,  India  provides  subsidies  for  technology  upgrades 

in  manufacturing  industries.  Therefore,  ‘SME  focus’  was  identified  as  a  critical 

manufacturing  strategy  dimension. 
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 3.2 

 Digital  Orientation  Framework 

From  the  analysis  of  manufacturing  strategies  of  the  6  countries,  it  was  evident  that 

none  of  the  manufacturing  strategies  was  directly  termed  ‘Digital  Manufacturing 

Strategies’.  However,  all  countries  had  digital  elements  embedded  in  their  strategies. 

Therefore,  analysing  the  ‘digital  orientation’  of  national  manufacturing  strategies  is 

important  to  assess  efforts  undertaken  by  each  country  for  DMS  implementation. 

Thus  at  first,  we  developed  a  framework  inductively  to  assess  the  digital  orientation 

of  national  manufacturing  strategies.  This  framework  highlights  the  support  expected 

by  the  3  key  stakeholders  of  a  DMS  ecosystem:  (1)  Government  support,  (2)  Industry 

support,  and  (3)  University  support.  10  dimensions,  identified  from  discussions  in 

the  previous  section  are  presented,  representing  the  expected  contributions  of  stake-

holders.  Secondly,  these  dimensions  were  evaluated  against  4  digital  orientation 

levels:  Infant,  Beginner,  Intermediate,  and  Advanced.  The  criterion  for  evaluation  is 

shown  in  Table  3. 

 3.3 

 Digital  Orientation  Assessment 

Digital  orientation  of  manufacturing  strategies  for  the  subject  nations  was  evaluated 

based  on  the  framework  shown  in  Table  3. We  conducted  the  assessment  based 

on  publicly  available  information,  using  a  scale  of  1–10,  where  1  represents  the 

lowest  digital  orientation  and  10,  the  highest.  The  scale  was  further  categorized 

into  4  intervals  to  match  digital  orientation  levels:  Infant  (0–2.5),  Beginner  (2.5– 

5),  Intermediate  (5–7.5),  and  Advanced  (7.5–10).  Further,  to  provide  clarity  on  the 

differences  in  national  manufacturing  strategies,  specific  values  were  allocated  for 

countries  within  the  intervals.  For  example,  the  DMS  strategies  of  China  and  the  USA 

demonstrated  strength  in  the  ‘Investment’  dimension,  making  them  fall  under  the 

‘Advanced’  digital  orientation  level.  However,  a  single  value  does  not  differentiate  the 

intensity  of  their  efforts.  According  to  the  MIC  2025  report,  investments  exceeding 

£26  billion  were  established,  including  Advanced  Manufacturing  Fund,  National 

Integrated  Circuit  Fund,  and  several  provincial-level  funds.  In  contrast,  the  US,  as  a 

front-runner  in  advanced  manufacturing  invested  only  $3  billion  in  federal  and  non-

federal  funds  in  their  Manufacturing  program  (SAM, 2018). Therefore,  China  was given  a  higher  score  of  9.5  compared  to  8  for  USA  to  differentiate  their  commitment. 

Another  example  included  the  allocation  of  scores  for  coordination  of  DMS  policies 

between  UK  and  Germany.  The  UK  recognized  manufacturing  policy  coordination 

problems  due  to  the  lack  of  a  central  independent  authority,  unaffected  by  policy 

changes  in  different  administrations.  On  the  other  hand,  Germany  established  the  I4.0 

platform,  a  central  authority  to  coordinate  DMS  policies  in  the  long-term.  Therefore, 

Germany  was  allocated  a  score  of  8  to  distinguish  its  English  counterpart.  However, 

coordination  of  DMS  policies  at  the  grassroots  level  across  Germany  was  not  clear. 
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China  on  the  other  hand,  had  an  efficient  top-down  approach  for  DMS  policy  coor-

dination  from  central  to  provincial  and  municipal  governments.  This  in  effect,  has 

spurred  competition  among  cities  to  develop  MIC  2025  action  plans  and  implement 

DMS  projects;  therefore,  China  earned  the  highest  score.  Countries  that  have  had 

similar  values  for  specific  dimensions  represent  comparable  commitments.  Notably, 

we  also  adopted  a  similar  approach  to  allocate  scores  for  all  other  dimensions.  This 

evaluation  approach  enabled  us  to  estimate  the  overall  digital  orientation  of  manu-

facturing  strategies  as  shown  in  Table  4,  indicating  where  different  countries  stand and  how  much  effort  they  have  invested  compared  to  their  counterparts.  According 

to  Table  4,  China  and  USA  demonstrated  the  strongest  digital  orientations  in  their manufacturing  strategies;  however,  the  USA  (86%)  has  been  leading,  albeit  by  a 

slim  margin  (85.5%).  Nevertheless,  the  focus  here  should  not  be  on  the  marginal 

difference  in  the  overall  score,  but  on  individual  dimensions,  where  respective  coun-

tries  show  variances  in  performance.  The  American  strategy  falls  behind  the  Chinese 

in  ‘Investment’,  ‘DMS  policies’,  and  ‘Coordination  of  DMS  policies’  dimensions. 

The  Chinese  strategy  on  the  other  hand,  falls  behind  USA  in  terms  of  ‘Collabora-

tion’,  ‘Skill  development  and  training’,  ‘Technology  adoption  and  pilot  projects’,  and 

‘SME  Focus’.  Hence,  these  can  be  identified  as  areas  for  future  improvement.  Addi-

tionally,  it  may  be  noted  here  that  both  USA  and  China  have  reached  the  ‘Advanced’ 

digital  orientation  level  in  all  dimensions.  These  values  are  indicative  of  the  real-

world  impact  of  respective  national  strategies  in  promoting  DMS  implementation. 

This  indicates  that  significant  efforts  to  revitalise  the  manufacturing  sector  in  the 

USA  since  2011  have  yielded  tangible  benefits.  China,  on  the  other  hand,  has  ambi-

tions  to  become  a  manufacturing  superpower  by  2049,  which  is  reflected  in  its  overall 

digital  orientation  score  of  85.5%.  Germany  (81%)  has  demonstrated  equal  strength, 

attaining  the  ‘Advanced’  level  in  all  dimensions  similar  to  USA  and  China.  UK  and 

Japan  have  shown  comparable  scores  in  most  dimensions,  scoring  78%  and  79%  in 

overall  digital  orientation  respectively.  India  (68%)  needs  to  invest  more  efforts  to 

match  its  rivals,  having  attained  intermediate  levels  of  digital  orientation  in  almost 

all  dimensions.  To  get  a  better  view  of  the  digital  orientation  on  individual  dimen-

sions,  the  values  in  Table  4  are  depicted  in  a  radar  chart  below.  As  depicted  in Fig. 1,  USA,  China,  and  Germany  are  clearly  leading  in  all  dimensions;  however, one  must  acknowledge  that  each  country  has  its  relative  strengths.  For  example, 

MIC  2025  comprises  strategically  interlinked  comprehensive  industrial  policies  that 

facilitate  the  acceleration  of  DMS  implementation.  Complementary  policies  such  as 

‘Internet+’  define  relevant  digital  technologies  and  infrastructure  needed  to  operate 

DMS.  Moreover,  due  to  the  top-down  approach,  coordination  and  implementation  of 

these  policies  have  been  highly  efficient  and  effective.  USA’s  manufacturing  agenda 

demonstrated  significant  strength  in  collaboration,  skill  development  and  training, 

and  SME  focus.  Additionally,  both  USA  and  China  demonstrated  strong  support 

through  technology  adoption  and  pilot  projects,  complementary  policies  and  R&D 

activities.  On  the  other  hand,  Germany’s  manufacturing  strategy  demonstrated  good 

support  for  establishing  DMS  facilities  and  infrastructure,  similar  to  USA  and  China. 

However,  despite  the  lack  of  a  focused  DMS  strategy  in  UK,  many  complementary 

policies  were  found  that  support  the  country’s  manufacturing  revitalisation  agenda. 
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Table  4  Manufacturing  strategy  digital  orientation  assessment 

Dimensions

China

USA

Germany

UK

Japan

India 

Research  and  development

8.5

8.5

8

8

8

7 

Investment

9.5

8

8

7.5

8.5

7 

DMS  policies

9

8

8.5

7.5

7.5

7 

Coordination  of  DMS  policies

9

8.5

8

7

7

6 

Support  from  complementary  strategies

8.5

8.5

8

8.5

8

7 

Facilities  and  infrastructure

8

8

8

7.5

7.5

7 

Collaboration

8

9

8.5

8

8.5

7 

Skill  development  and  training

8

9

8

8.5

8

6.5 

Technology  adoption  and  pilot  projects

9

9.5

8

7.5

8

6 

SME  focus

8

9

8

8

8

7.5 

Overall  digital  orientation

85.5%

86%

81%

78%

79%

68% 

China

USA
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UK

Japan

India 

Research and 

development 

10 

SME focus 
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Investment 
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Technology 
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Friendly policies 
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Skill development 

Coordination of 

and training 

DMS policies 

Support from 
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Cooperation 
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Fig.  1  Manufacturing  strategy  digital  orientation  assessment

In  fact,  some  strategies  mainly  focused  on  filling  the  shortage  of  skills  by  empha-

sizing  skills  development  and  training,  while  developing  facilities  and  infrastructure, 

and  encouraging  further  R&D  in  DMS.  Japanese  strategy  on  the  other  hand,  focused 

on  robotic  technology  adoption,  R&D,  and  investment  towards  technology  develop-

ment.  India  seems  to  be  lagging  in  most  dimensions  compared  to  other  countries; 

however,  publicly  available  documents  on  DMS  policy  seem  to  be  limited.  One  does
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need  to  acknowledge  that  as  a  nation,  India  does  have  the  intent  and  will  to  develop 

R&D  capabilities  and  SME  focus  to  both  utilize  and  optimize  digital  technologies 

in  manufacturing. 

In  summary,  the  diverse  DMS  strategies  of  different  nations  are  geared  towards 

the  development  of  future  manufacturing  characteristics,  necessary  for  respective 

national  economies  to  thrive  in  the  I4.0  age.  The  direction  of  respective  strategies, 

in  terms  of  the  dimensions  listed  above,  are  expected  to  be  aligned  to  a  set  of  manu-

facturing  characteristics  that  have  been  prioritized  by  respective  nations,  based  on 

the  peculiarities  of  their  economies.  In  the  following  section,  we  explore  the  manu-

facturing  environment  of  the  six  subject  nations  in  terms  of  the  drivers  of  Industry 

4.0  and  the  respective  manufacturing  characteristics  that  have  been  prioritized  as  a 

result. 

4 

Global  Manufacturing  Trends  and  Drivers 

The  four  industrial  revolutions  described  in  Sect. 1  have  been  driven  by  various socio-political,  economic  and  technological  trends,  which  have  shaped  the  global 

manufacturing  landscape. 

On  the  supply  side,  rapid  technological  change  has  led  to  the  proliferation 

of  several  advanced  technologies  to  improve  manufacturing  performance.  On  the 

demand  side,  it  has  increased  the  number  of  product  variants  leading  to  shorter 

product  lifecycles  and  smaller  lot  sizes.  This  trend  has  been  ongoing  for  decades 

in  advanced  economies,  giving  birth  to  mass  customisation.  Delayed  differentiation 

became  the  best  practice  for  global  SCs,  combining  lean  and  agile  manufacturing 

principles.  Limitations  of  mass  customisation,  i.e.  customers’  restriction  to  prede-

fined  options,  gave  birth  to  mass-personalisation,  where  customers  play  an  active  role 

in  product  design,  further  reducing  lot  sizes  and  increasing  the  need  for  operations 

agility  (Koren, 2010). Notably,  the  personalization  trend  seems  to  be  more  prevalent in  developed  economies,  where  a  wealthy  population  can  afford  higher  price  points. 

To  shorten  lead  times  in  these  SCs,  production  needs  to  be  close  to  the  customer.  In 

India,  there  is  also  an  increasing  awareness  of  the  need  to  shorten  the  time  to  market 

(Sharma  &  Sehrawat, 2020). 

Recently,  climate  change  has  become  one  of  the  most  popular  topics  globally.  It 

has  been  caused  in  part,  by  manufacturing  activities  in  industrial  SCs,  with  different 

economies  contributing  to  it.  It  may  be  noted  herein  that  outsourcing  to  low-cost 

countries  since  the  1980s  made  China  the  world’s  factory  with  a  GDP  of  $11  tril-

lion  (3  times  that  of  Germany)  in  2015  (Li, 2018). By  consequence,  China  is  one  of the  highest  contributors  to  pollution.  Outsourcing  has  also  increased  the  length  of 

global  SCs,  as  more  intermediate  goods  are  transported  by  air  and  sea  freight,  thereby 

increasing  greenhouse  gas  emissions.  In  the  Indian  context,  sustainability  has  gained 

both  relevance  and  importance,  in  terms  of  reducing  emissions  and  production  waste 

(Sharma  et  al., 2021).  Consumers  in  developed  economies  have  already  become 

increasingly  aware  of  the  products’  carbon  footprint,  and  are  demanding  sustainable
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practices  from  companies.  Such  trends  have  sparked  discussions  about  re-shoring  and 

distributed  manufacturing,  particularly  in  developed  economies.  Re-shoring  discus-

sions  have  been  going  on  for  decades  in  the  USA,  UK,  Germany,  and  Japan;  however, 

there  isn’t  any  evidence  to  suggest  that  any  major  shifts  have  occurred.  These  conver-

sations  have  resurged  recently  due  to  process  technology  advancements,  such  as  3D 

printing  which  increases  the  scope  for  distributed  manufacturing.  Additionally,  the 

ongoing  Covid-19  pandemic  has  exacerbated  the  need  for  distributed  manufacturing, 

whereby  some  manufacturers  have  re-purposed  their  SCs  to  meet  urgent  demands 

for  ventilator  components  and  PPEs  for  example  (TCT, 2020). 

From  an  Economics  perspective,  low  labour  costs  have  been  the  prime  ratio-

nale  for  outsourcing  in  advanced  economies.  However,  those  assumptions  may 

change  with  current  realities  and  cause  manufacturers  to  re-configure  their  SCs. 

For  example,  China’s  labour  costs  increased  by  30%  between  2016  and  2020.  It 

may  also  be  noted  that  SC-reconfiguration  costs  are  huge;  therefore,  multinationals 

require  a  total  cost-benefit  evaluation  to  assess  options.  Other  seismic  events  could 

strengthen  the  case  for  manufacturing  localisation.  For  example,  trade-wars  between 

the  USA  and  China  have  adversely  affected  manufacturing  costs,  and  eroded  the 

profits  of  American  Multinationals  in  2018  (Handfield  et  al., 2020).  Manufacturers in  developed  economies  are  hoping  to  deploy  advanced  manufacturing  capabilities  to  increase  automation  levels  for  enhanced  productivity  of  their  SCs  (Dachs 

et  al., 2019).  In  contrast,  other  factors  may  strengthen  the  case  for  outsourcing. 

Re-shoring  a  manufacturing  operation  is  not  a  simple  task,  because  of  the  depen-

dence  on  established  Industrial  Commons.  UK  and  Germany  have  a  skills  shortage 

problem,  due  to  an  ageing  population.  Japan’s  population  also  appears  to  be  shrinking, 

with  a  rising  ageing  population  (Ziaei  Nafchi  &  Mohelská, 2018).  This  shortage  is likely  to  be  exacerbated  in  the  UK  by  Brexit,  due  to  labour  movement  restrictions 

across  the  English  border.  According  to  the  European  Commission,  the  working 

population  in  Europe  will  decrease  by  16%  by  2050.  These  economies  are  looking 

towards  advanced  manufacturing  technologies  to  reduce  reliance  on  unskilled  labour, 

however,  I4.0  requires  a  digitally  skilled  workforce  (Dachs  et  al., 2019). Japan appears  to  be  better  prepared  due  to  high  employment  rates  and  a  highly  skilled 

population.  Despite  India’s  large  youthful  population,  there  is  a  significant  short-

fall  in  digital  skill  levels  (Luthra  et  al., 2020). In  China,  rural  to  urban  migration of  “farmer-workers”  has  reduced  the  supply  of  low-cost  labour.  The  proportion  of 

highly  educated  people  in  society  has  risen  drastically,  reducing  the  attractiveness  of 

low-cost  blue-collar  jobs  (Li, 2018). 

SCs  must  operate  in  environments  defined  by  these  global  trends.  The  next 

section  explores  how  the  characteristics  of  DMS  systems  may  enable  organisations 

to  overcome  the  challenges  posed  by  the  current  business  landscape. 
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 4.1 

 Cross-Country  Comparison  of  Future  Manufacturing 

 Characteristics 

Different  labels  namely,  Industry  4.0,  Industrial  internet,  smart  manufacturing,  digital 

manufacturing,  and  Intelligent  manufacturing,  have  been  used  to  refer  to  contempo-

rary  manufacturing  systems  and  consensus  on  definition  appears  elusive.  Rather  than 

solving  this  conceptual  problem,  this  section  compares  the  visionary  characteristics 

of  DMS’s  of  the  six  subject  nations,  assuming  interchangeability  of  labels.  These 

characteristics  have  been  extracted  from  national  policy  documents  and  research  arti-

cles.  Some  of  these  characteristics  are  considered  on  both  micro  and  macro  levels 

(Table  5). Micro  characteristics  are  independent,  while  Macro  elements  are  dependent on  one  or  more  micro  characteristics. 

Virtualization  is  the  manufacturing  systems’  ability  to  convert  a  real  system  into  a 

virtual  form  and  enhance  mutual  connection.  It  has  been  considered  as  one  of  I4.0’s 

infrastructure/design  principles,  and  a  key  characteristic  of  cloud  manufacturing 

(Castelo-Branco  et  al., 2019). The  virtualization  of  the  production  process  includes all  product  life  cycle  states  using  digital  twin  technology  (Halenar  et  al., 2019).  It is  also  paramount  in  service-based  business  models,  using  intelligent  products.  All 

six  countries  recognized  the  importance  of  virtualisation,  expecting  implementation

Table  5  Future  manufacturing  characteristics 

Future Manufacturing 

Characteristics 

USA

CHINA

UK

GERMANY 

JAPAN

INDIA 

 Virtualization 

 Real-time capability 

 Interoperability / 

 Integrability 

 Flexible / 

 Micro 

 Modularity / Agility 

 Service-orientation 

 Autonomy 

 Cybersecurity 

 Sustainability 

 Decentralization 

 Macro 

 DSC/DSN 

High Consideration     Medium Consideration       Low Consideration 

No consideration 

High  consideration. 

Medium  consideration. 

Low  consideration. 

No  consideration 
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across  manufacturing  facilities.  Except  for  India  and  Japan,  all  other  countries  are 

explicitly  guiding  organizations  to  develop  all  three  virtualization  dimensions,  i.e. 

product,  process,  and  resources  (ZVEI, 2015)  (Dickens  et  al., 2013;  Wang  et  al., 

2012).  Compared  to  India,  Japan’s  strategy  guidance  is  more  detailed. 

Real-time  capability  deals  with  collecting,  communicating,  and  analysing  real-

time  data  to  make  production  system  decisions  (Weber  et  al., 2017).  It  improves  SC 

traceability  and  visibility  to  increase  efficiency  and  minimization  of  the  bullwhip 

effect.  I4.0  is  centered  on  the  real-time  capability  to  achieve  various  dimensions  of 

‘smartness’  using  the  Internet  of  everything.  All  six  countries  identify  real-time  capa-

bility  as  foundational  for  future  manufacturing  to  solve  dynamic  problems  without 

human  intervention,  however,  implementation  levels  are  likely  to  vary. 

Interoperability  is  a  system’s  capability  to  enhance  communication  and  data 

sharing  accessibility  between  all  cyber-physical  systems  (Hermann  et  al., 2016). It includes  IT  standards,  legacy  systems,  and  protocols  to  facilitate  integration  across 

the  human  end-user,  shop  floor  entities,  and  other  enterprise  systems.  It  is  exten-

sively  considered  in  the  development  of  manufacturing  industries  in  Germany,  the 

USA,  and  Japan  (Acatech  2013;  Ministry  of  Economy, 2015; President’s  Council of  Advisors  on  Science  &  Technology, 2014). India  has  identified  the  need  for  this characteristic  specifically  in  the  pharmaceutical  sector  (Kaka  et  al., 2019). Integration  initiatives  exist  in  China  and  UK;  however,  the  realization  of  interoperability  is 

comparatively  low  (Dickens  et  al., 2013; MIIT, 2015). 

Modularity/reconfigurability  indicates  the  dynamic  ability  of  the  configuration 

of  various  business  and  production  system  elements  to  adapt  to  the  changing  needs 

and  market  conditions  (Culot  et  al., 2020). Modularity  is  associated  with  granu-larity  because  module  size  selection  is  always  complicated  (AlGeddawy, 2017).  For instance,  if  modules  are  fine,  production  setup  time  will  be  high,  and  if  it  is  coarse, 

there  will  be  a  high  restriction  for  changes.  All  subject  countries  stress  the  impor-

tance  of  modularity  at  a  high  level  because  market  conditions  are  inherently  dynamic 

irrespective  of  region. 

Service  orientation  has  two  dimensions  based  on  the  business  model:  (i)  product 

servitisation  refers  to  service  offerings  with  or  without  transfer  of  ownership  to 

the  customer.  (ii)  In  cloud  manufacturing,  service  orientation  refers  to  the  serviti-

zation  of  manufacturing  capabilities,  which  is  essential  in  a  pay  as  you  go  model 

(Culot  et  al., 2020). All  nations,  except  India,  emphasise  the  importance  of  implementing  both  forms  of  servitisation  in  their  manufacturing  industries  (Deutsches 

Institut  für  Normung  &  Deutsche  Kommission  Elektrotechnik, 2020; Dickens  et  al., 

2013;  Dickens  et  al., 2013;  Keidanren, 2017;  President’s  Council  of  Advisors  on Science  &  Technology, 2014;  Wang  et  al., 2012).  However,  some  Indian  manufacturing  firms  focus  on  servitization  to  enhance  global  competitiveness  (Dutta  et  al., 

2020).  Currently,  India’s  strategic  initiatives  appear  to  emphasise  only  warehouse and  logistics  services  (Federation  of  Indian  Chambers  of  Commerce  &  Industry, 

2018),  ignoring  other  manufacturing  functions. 

Autonomy  refers  to  the  manufacturing  system’s  ability  to  make  decisions  on 

its  own  in  any  situation.  It  includes  various  functions  such  as  self-sensing,  self-

adaptivity,  self-organization,  and  self-decision  (Qu  et  al., 2019). AI  strategies  for
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instance,  have  been  developed  by  all  six  countries  (Aayog, 2018; Chinese  State Council, 2017;  Council, 2021; Council  &  for  AI  Technology, 2017;  Federal  Government, 2018;  The  White  House, 2020).  Japan  developed  a  detailed  AI  roadmap  dedicated  to  robotic  strategies  (Council  &  for  AI  Technology, 2017; Ministry  of  Economy, 

2015).  The  UK,  Germany,  and  Japan  appear  to  have  more  detailed  planning.  however, they  perform  poorly  in  AI  implementation  compared  to  the  USA,  China,  and  India 

(Küpper  et  al., 2018). Despite  Japan’s  extraordinary  strategies  and  clear  AI  roadmap, it  has  the  least  rank  in  implementation.  This  could  be  due  to  an  ageing  population, 

similar  to  UK  and  Germany. 

ISO/IEC  27,032  defined  cybersecurity  as  “protecting  privacy,  integrity  and  acces-

sibility  of  data  information  in  cyberspace”.  The  main  concern  of  cybersecurity  is 

the  risk  associated  with  systems  vulnerability,  cyber-attacks  and  associated  counter-

measures  (Lezzi  et  al., 2018). Before  implementing  any  manufacturing  character-

istic,  addressing  security  issues  for  Cyber-physicals  systems  is  important.  Based  on 

the  Global  cybersecurity  Index  (GCI,  2018),  the  ranking  order  is  in  the  following 

sequence:  UK,  US,  Japan,  Germany,  China  and  India  (International  Telecommunica-

tion  Union, 2018).  However,  all  countries  emphasize  the  importance  of  data  security. 

Japan  for  instance,  has  a  detailed  IoT  security  framework  to  enhance  mutual  connec-

tions  between  cyber  and  physical  systems  (Ministry  of  Economy,  Trade  and  Industry, 

2020).  A  significant  number  of  manufacturing  firms  in  the  UK  have  a  clearly  articulated  cybersecurity  strategy  (Hennik  Research, 2020).  Germany  also  implemented  its second  national  cybersecurity  strategy  in  2016  (Schallbruch  &  Skierka, 2018).  It  is evident  that  UK  and  US-based  manufacturing  firms  are  performing  better.  Germany 

and  Japan  have  kick-started  cybersecurity  implementation  in  manufacturing  firms. 

India  and  China  need  to  formulate  a  detailed  roadmap  for  Smart  Manufacturing 

cybersecurity. 

For  long-term  growth  and  relationship,  consideration  of  Sustainability’s  Triple 

Bottom  Line  is  essential.  IIoT/Industry  4.0  influences  these  three  dimensions  in 

various  ways  including  resource  efficiency,  competitiveness,  etc.  (Kiel  et  al., 2017). 

All  countries  focus  on  economic  sustainability  as  evidenced  by  their  manufacturing 

initiatives.  However,  the  disparity  exists  in  the  focus  on  environmental  dimensions. 

Countries  with  more  elderly  citizens  (Japan,  Germany,  and  UK),  emphasised  social 

and  ecological  dimensions  in  manufacturing  policies  compared  to  the  USA,  China 

and  India.  The  Environmental  Performance  Index  (EPI)  also  supports  the  argument 

and  the  rank-ordering  of  2020  EPI  in  the  following  sequence,  UK,  Germany,  Japan, 

US,  China,  and  India. 

Decentralisation  is  the  capability  of  a  manufacturing  system  that  allows  manufac-

turing  facilities  to  be  physically  distributed  to  make  decisions  independently  without 

conflicting  with  organisational  goals  (Mittal  et  al., 2019).  Distributed  production and  decentralisation  are  used  interchangeably,  aiming  at  the  localization  of  manufacturing  systems.  Except  for  Japan,  all  other  countries  emphasize  decentralisation 

in  industries  to  improve  responsiveness  (Dickens  et  al., 2013). The  other  four  countries  have  comprehensive  decentralisation  plans  compared  to  India  (Deloitte, 2017; 

Dickens  et  al., 2013;  Wang  et  al., 2012). 
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A  digital  supply  network  is  defined  as  the  integrated  set  of  digitally  enabled  SC 

capabilities  such  as  dynamic  fulfilment,  synchronized  planning,  intelligent  supply, 

connected  customer,  digital  development,  and  smart  factory,  driven  by  interconnected 

information  flows  (Sinha  et  al., 2020).  Germany  and  India  emphasize  implementing an  end-to-end  digital  SC  to  improve  connections  between  OEMs  and  suppliers 

(Ministry  of  Electronics  Information  Technology, 2019;  PwC  &  Global  Manufacturing  Industrialisation  Summit, 2018). The  United  States  also  has  a  mission  to  digitize  the  American  manufacturing  SC  through  the  DMDII  (Manufacturing, 2016). 

UK  is  focused  on  the  connected  value  chain  as  a  part  of  I4.0.  However,  the  thrust 

on  digital  SC  considerations  is  comparatively  low  in  China.  The  is  reflected  in  FM 

Global  SC  rank  2020,  which  orders  nations  in  the  following  sequence,  UK,  Germany, 

Japan,  USA,  India,  and  China. 

5 

Digital  Manufacturing  Systems  Implementation 

DMS  comprises  a  suite  of  technologies,  which  when  deployed  as  a  combination, 

creates  opportunities  for  new  business  models  and  improvements  in  productivity  for 

manufacturing  SCs.  A  conceptual  problem  arises  regarding  the  set  of  technologies 

and  how  they  are  deployed  to  be  regarded  as  instances  of  I4.0  implementation. 

The  lack  of  a  common  yardstick  and  definition  for  I4.0  makes  it  difficult  to  assess 

implementation  levels  on  an  industry  and  country  level.  This  section  reflects  these 

limitations  and  presents  discrete  examples  of  DMS  implementation  across  the  six 

economies. 

 5.1 

 Implementation  in  USA 

Taking  a  holistic  economic  approach,  the  Manufacturing  USA  program  was  formed 

with  the  collaborative  effort  of  the  government,  industry,  academia,  and  indepen-

dent  experts  as  discussed  in  Sect. 2.1.  According  to  Deloitte  (Deloitte, 2017), the public-private  partnership  Institute-based  model  attracted  significant  participation 

from  industry  including  large  enterprises,  SMEs,  academia,  local,  state  and  federal 

government.  The  program  has  led  to  a  rising  number  of  joint  ventures  in  terms 

of  investments,  workforce  and  technology  development,  and  commercialization  of 

state-of-the-art  advanced  manufacturing  technologies. 

The  ‘Strategy  for  American  Leadership  in  Advanced  Manufacturing’  report  states 

that  these  14  institutes  have  been  successful  in  promoting  technology  development, 

implementing,  and  transferring  advanced  manufacturing  technologies  to  manufac-

turing  companies  including  SMEs  (SAM, 2018). By  the  year  2019,  the  program 

brought  together  1920  organizations  including  1174  (61%)  manufacturers,  where 

805  were  SMEs,  463  (24%)  universities,  community  colleges,  and  technical  training 

schools,  and  283  (15%)  other  entities.  Table  6  shows  the  number  of  projects  conducted
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Table  6  Number  of  active  research  and  development  projects  2016–2019  in  the  USA 

Fiscal  year

2016

2017

2018

2019 

Number  of  projects

191

273

476

561 

Table  7  List  of  smart  manufacturing  pilot  demonstration  projects  2015–2018  in  China 

Fiscal  year

2015

2016

2017

2018 

Number  of  projects

46

63

97

99 

by  these  member  organizations  from  the  fiscal  year  2016–2019  (Manufacturing, 

2020). 

 5.2 

 Implementation  in  China 

China  appears  to  have  a  leading  role  amongst  nations  in  DMS  implementation.  Estab-

lishing  new  innovation  centres,  and  promoting  pilot  demonstration  projects  in  smart 

manufacturing  were  some  of  the  key  priorities  in  the  MIC  2025  strategy.  The  initial 

plan  was  to  establish  15  new  innovation  centres  by  2020  and  40  centres  by  2025  to 

fast-track  technological  breakthroughs  in  smart  manufacturing,  ICT,  etc.  (UK  Trade 

Investment  &  China-Britain  Business  Council, 2016).  Further,  China  planned  to  build more  than  300  smart  manufacturing  pilot  demonstration  projects  and  150  intelligent 

manufacturing  business  models  by  2020.  These  digitization  and  smart  factory  initia-

tives  are  expected  to  deliver  a  20%  reduction  in  product  development  cycles  and 

operating  costs,  20%  increment  in  production  efficiency,  10%  reduction  in  product 

defective  rate,  and  10%  increase  in  energy  efficiency  (MIIT, 2016). 

Table  7  shows  the  number  of  smart  manufacturing  pilot  demonstration  projects announced  by  MIIT  from  the  fiscal  year  2015–2018  (MIIT, 2016, 2017, 2018; NDRC, 

2016). 

 5.3 

 Implementation  Status  of  UK 

At  the  conception  stage  of  I4.0  in  the  UK,  various  barriers  were  identified  with  respect 

to  each  technology  (Dickens  et  al., 2013).  However,  some  macro  dimensions,  such as  the  lack  of  coordinated  national  effort  to  close  the  industry  knowledge  gap,  lack 

of  digital  skills,  investments,  and  a  lack  of  culture  towards  change  are  worthy  of 

mention.  Most  of  these  barriers  still  exist  in  the  UK  as  evidenced  in  surveys  by  Make 

UK  in  2018  and  2020  respectively,  with  skills  shortage  representing  the  most  domi-

nant  theme  (Peters, 2020),  a  factor  which  could  be  worsened  by  Brexit.  The  pace  of
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development  in  different  regions  of  the  UK  is  not  uniform  due  to  the  fragmented  land-

scape  of  the  manufacturing  supply  base  and  concentration  of  DMS  implementation 

efforts  in  some  regions.  For  example,  the  ‘Make  Smarter  Pilot  program’,  a  govern-

ment  initiative  to  help  local  manufacturing  businesses  create  new  opportunities  and 

technologies,  is  credited  for  advances  in  DMS  implementation  levels  in  North-West 

UK  and  also  the  presence  of  Pharmaceutical  and  Aerospace  clusters  (Smarter, 2020). 

The  level  of  awareness  of  DMS  technologies  is  high  across  businesses,  including 

SMEs.  The  uptake  of  DMS  is  likely  to  be  increased  by  the  pandemic  with  a  renewed 

focus  on  resilience,  as  manufacturers  who  adopted  it  previously,  witnessed  higher 

performance  levels.  Overall,  the  UK  is  lagging  in  DMS  implementation  compared 

to  its  counterparts  in  Japan  and  Germany,  which  have  extensive  systems  to  support 

manufacturing  SMEs  in  their  modernisation  efforts.  Initiatives  such  as  the  ‘Digital 

Manufacturing  on  a  Shoestring’  develop  low-cost  digital  solutions  for  SMEs  in  the 

UK  and  could  be  pivotal  to  increasing  uptake  levels  (McFarlane  et  al., 2019). 

 5.4 

 Implementation  Status  of  Germany 

In  2015,  a  German  foundation  carried  out  a  study  to  assess  the  I4.0  readiness  of 

239  firms  in  the  mechanical  engineering  industry  (Schmitz  &  Schröter, 2015). Only a  very  small  percentage  (5.6%)  of  firms  had  attained  the  leadership  category,  with 

most  firms  (75%)  belonging  to  the  Newcomers  category.  The  National  Academy 

of  Science  and  Engineering  developed  a  maturity  index  to  assess  the  level  of  I4.0 

implementation  in  German  organisations  (Acatech, 2017).  According  to  this  index, organisations  go  through  six  maturity  stages  of  implementation  namely:  Computerization,  Connectivity,  Visibility,  Transparency,  Predictive  Capacity,  and  Adaptability. 

Organisations  are  assessed  in  four  structural  areas  namely:  Resources,  Information 

systems,  organisational  structure,  and  culture.  A  study  was  conducted  in  2020  using 

this  index.  It  was  found  that  only  a  small  percentage  of  manufacturing  companies 

had  the  highest  maturity  index  (4%  attaining  visibility  stage),  and  three  levels  short 

of  the  highest  maturity  levels  known  as  Adaptability.  By  this  token,  only  a  very  small 

proportion  of  companies  in  Germany  are  believed  to  have  accomplished  industry  4.0 

implementation  on  a  wide  scale  (Acatech, 2020). 

I4.0  is  meant  to  thrive  under  organic  settings  where  employees  have  a  degree 

of  autonomy  to  foster  quick  decision-making  and  adaptability;  however,  organi-

sational  structures  appear  to  be  mechanistic  (Wilkesmann  &  Wilkesmann, 2018). 

Several  studies  have  shown  that  I4.0  technologies  are  not  tailored  to  favour  SMEs. 

Therefore,  the  challenges  they  face  appear  to  be  primitive,  making  them  relatively 

immature  in  implementation  compared  to  large  organisations.  For  example,  several 

SMEs  still  lack  the  capability  to  evaluate  the  business  case  for  I4.0  and  finances 

for  implementation.  They  are  likely  to  adopt  a  wait-and-see  approach,  following  the 

lead  of  larger  organisations  due  to  technological  uncertainty  and  investment  risk. 

An  interesting  finding  is  that  some  SMEs  are  reluctant  to  implement  I4.0  as  it  gives
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access  to  customers  about  order  status  (Müller  et  al., 2018).  This  is  important  as SMEs  make  up  to  90%  of  industrial  firms  in  Europe. 

 5.5 

 Implementation  in  Japan 

Japan’s  Industry  department  (METI)  published  the  digital  transformation  (DX)  report 

called  ‘Digital  Cliff  2025’  in  2018.  The  report’s  key  finding  was  that  if  the  rate  of  digitization  remains  low,  then  after  2025,  a  loss  of  12  trillion  yen  would  be  incurred  per 

year.  It  also  highlighted  various  challenges  in  future  business  and  provided  various 

measures  for  multiple  stakeholders  to  promote  DX.  Digital  cliff  and  Society  5.0  moti-

vate  Japanese  organizations  to  develop  and  implement  digitalisation  strategies.  Some 

important  focus  areas  of  Japanese  companies  towards  I4.0  are  as  follows;  Toyota 

created  smart  and  connected  trucks  for  material  handling  using  I4.0  technologies. 

As  part  of  realizing  society  5.0,  Toyota  planned  to  build  a  smart  city  (prototype 

named  “Woven  city”).  Mitsubishi  Electric  is  providing  various  smart  manufacturing 

solutions  that  enhance  smart  automation  in  the  factory.  NTT  group  of  companies  is 

collaborating  with  other  organizations,  i.e.  Fanuc,  to  develop  new  business  models 

using  IoT  that  will  create  new  value-added  to  the  customer  (Bhat, 2020). Honda  is focused  on  developing  advanced  robots  as  part  of  Japan’s  robot  revolution.  Nissan 

is  investing  33  billion  YEN  to  establish  an  intelligent  factory  with  the  vision  of 

making  intelligent  and  connected  cars.  In  addition  to  various  strategic  initiatives, 

the  Japanese  government  has  also  developed  an  IoT  security  safety  framework  and 

proposed  guidelines  for  organizations.  It  is  a  three-layer  model  to  enhance  safety 

connections  between  (i)  organization,  (ii)  cyberspace  and  physical  space,  and  (iii) 

connections  in  cyberspace. 

 5.6 

 Implementation  in  India 

SAMARTH  (Smart  Advanced  Manufacturing  and  Rapid  Transformation  Hub) 

Udyog  Bharat  4.0  is  a  GoI  initiative  that  aims  to  accelerate  I4.0  implementation 

by  conducting  extensive  awareness  seminars  and  providing  consultancy  services  to 

SMEs  and  start-ups  through  demo  centres.  The  Confederation  of  Indian  Industries 

(CII)  developed  smart  manufacturing  platforms  for  providing  various  services  such 

as  I4.0  assessment  and  sharing  case  studies  that  ease  implementation.  Also,  this  plat-

form  collaborates  with  different  organizations  such  as  Marshall,  Omron  Automation, 

Rockwell  Automation,  and  Siemens  India  to  provide  demo  centres  to  educate  the 

engineering  society  about  the  practical  implementation  of  I4.0. 

Some  significant  instances  of  I4.0  implementation  in  Indian  organizations  are 

as  follows:  Dell  India  for  instance,  developed  a  data  analytics  engine  for  analysing 

quality  performance  dynamically  and  a  VR-based  self-guided  training  ecosystem. 
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Mahindra  &  Mahindra  has  adopted  various  I4.0  technologies,  such  as  (i)  addi-

tive  manufacturing  for  product  development,  (ii)  predictive  analytics  to  increase 

machines’  availability  by  connecting  more  than  500  sensors,  (iii)  VR-based  inno-

vative  training,  and  (iv)  10%  of  energy  consumption  is  reduced  by  analysing  entire 

facility  energy  data  in  real-time.  Siemens  India  provides  various  I4.0  solutions  to 

achieve  real-time  design  collaboration  and  co-creation  through  digital  twins.  Hero 

deployed  an  integrated  digital  platform  for  end-to-end  integration  and  centralized 

monitoring  using  IoT  technology.  Bosch  India  focused  on  the  digitalization  of  the 

shop  floor,  M2M  connectivity,  and  a  vision  of  connecting  every  product  using  IoT. 

Most  of  the  Indian  automotive  industry  is  being  encouraged  to  adopt  robots,  e.g., 

Maruti  uses  more  than  1700  robots,  Hyundai  and  Ford  India  operates  more  than  400 

robots  and  Bajaj  Auto  installed  more  than  100  co-bots  (Bhat, 2020).  However,  all  I4.0 

technologies  are  implemented  across  various  industries  according  to  their  specific 

needs.  Comparatively,  the  trend  in  the  implementation  of  IoT  and  Big  Data  analytics 

is  high;  20%  of  the  global  IoT  market  will  be  based  in  India  and  the  Market  for 

Big  data  analytics  is  expected  to  reach  $2billon  (Sugimoto  et  al., 2017).  GoI is also providing  various  schemes,  especially  to  MSMEs,  i.e.  subsidies  for  implementing 

ICT  and  cloud  computing  technologies. 

6 

Recommendation  and  Future  Direction 

Performance  on  every  dimension  of  the  digital  orientation  strategy  framework  is 

essential  to  reap  the  synergic  benefits  of  DMS  adoption.  This  study  revealed  that 

developing  countries  like  India  have  been  lagging  in  most  dimensions  identified. 

Areas  such  as  collaboration  and  skill  development  can  be  improved  by  formulating 

policies,  using  the  triple  helix  model  of  innovation,  while  developing  programs 

for  industrial  training  in  DMS  technologies.  It  will  be  inaccurate  to  conclude  that 

developed  nations  outperform  developing  countries  in  framing  digital  manufacturing 

strategies  because  China  is  performing  better  than  developed  nations  in  investments, 

DMS  policies  and  coordination  as  shown  in  Table  4.  Although  developed  countries have  plans  to  re-shore  manufacturing,  which  could  boost  investments  in  emerging 

technologies,  the  accurate  picture  would  only  emerge  after  implementation.  Top-

level  commitments  of  the  developed  nations  are  still  required  in  detailing  strategic 

outcomes  and  roadmaps.  For  instance,  they  can  priorities  technologies  based  on 

SWOT  analysis  and  create  long-term  roadmaps  specifying  needed  investments  in 

resources,  completion  times,  goals  and  expected  outcomes.  Interestingly,  in  the 

manufacturing  strategy  digital  orientation  assessment,  high-performing  countries 

such  as  USA  and  China  focus  more  on  micro  future  manufacturing  characteristics 

than  macro  characteristics  such  as  sustainability,  which  has  become  very  topical 

due  to  climate  change.  It  is  evident  that  the  least  performing  country  in  the  digital 

orientation  assessment  (India)  lacks  a  holistic  focus  on  all  the  future  manufacturing 

characteristics.  Therefore,  they  could  prioritize  R&D  and  DMS  policy  development, 

which  encourage  virtualization  and  service-based  business  models  in  manufacturing
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industries,  as  the  most  crucial  advantage  of  DMS  comes  from  the  benefits  of  comple-

mentarities.  For  instance,  a  lack  of  virtualization  makes  implementation  of  service 

business  models  difficult;  also  benefits  from  real-time  capability  will  be  difficult  to 

exploit. 

Applied  research  is  needed  in  developing  technological  standards,  relevant  to 

digital  manufacturing,  to  accelerate  innovation  and  adoption  rates.  One  of  the  main 

principles  of  Industry  4.0  is  interoperability;  however,  that  aspect  appears  to  be 

lacking  in  maturity  models.  Prediction  of  effective  recombination  of  technologies 

is  most  important  as  DMS  requires  new  materials  and  methods  of  production  to 

enhance  feasibility.  Research  that  identifies  and  prescribes  solutions  to  eliminate 

barriers,  which  enhance  collaboration  in  industries,  universities  and  government 

could  increase  the  rate  of  early  adoption  and  enhance  competitive  advantage.  Lastly, 

research  that  analyses  the  technological  dynamics  and  incentive  schemes  to  find  the 

optimum  subsidies  for  each  technology  is  needed  to  raise  the  manufacturing  potential 

of  SMEs  and  DMS  adoption  levels. 

7 

Conclusion 

This  chapter  provided  a  cross-country  comparative  analysis  of  manufacturing  strate-

gies  of  6  leading  manufacturing  nations  taking  an  inductive  approach.  The  study 

was  based  purely  on  the  publicly  available  policy  documents  of  respective  countries 

and  other  literature  sources.  By  exploring  the  digital  orientation  of  the  respective 

manufacturing  strategies,  a  framework  was  developed  that  can  be  applied  to  assess 

the  strength  of  national  strategies.  By  identifying  salient  micro  and  macro  future 

manufacturing  characteristics,  a  comparison  was  made  across  six  subject  nations,  to 

assess  their  emphasis  on  respective  characteristics  according  to  their  strategies. 

The  analysis  reveals  that  the  focus  on  DMS  differs  from  country  to  country 

depending  on  national  priorities.  Half  of  the  manufacturing  strategies  of  countries 

under  investigation  are  not  unified  under  one  theme  (i.e.  UK,  Japan,  India),  while  the 

rest  showcase  better  unification  (i.e.  China—MIC  2025,  USA—AMP,  Germany— 

I4.0). Unified  strategies  show  higher  digital  orientation  and  better  coordination  poten-

tially  leading  to  higher  DMS  adoption  levels.  The  digital  orientation  assessment 

reveals  that  there  are  certain  areas  each  of  the  countries  could  benchmark  rivals  and 

develop  to  accelerate  DMS  implementation.  Moreover,  countries  could  pay  attention 

to  underdeveloped  future  manufacturing  characteristics,  which  have  been  highlighted 

in  the  study  to  further  improve  their  manufacturing  strategies. 

The  study  presented  anecdotal  evidence  on  implementation  activities  in  the  six 

nations.  Pilot  projects  have  been  very  successful  in  facilitating  DMS  diffusion  to 

organisations,  especially  SMEs  in  China,  therefore  other  nations  could  benchmark 

this  model.  A  significant  hurdle,  however,  is  the  adaptation  of  DMS  systems  for 

SMEs,  which  some  UK  companies  are  tackling  to  increase  accessibility.  It  should  be 

noted  that  certain  limitations  may  have  affected  the  results  of  the  study;  for  instance, 

policy  documents  of  some  nations,  particularly  developed  nations,  were  more  readily
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available  than  their  counterparts  in  developing  nations  (India).  Authors  found  it 

difficult  to  extract  information  from  official  documents  which  were  sometimes  in 

native  languages.  Based  on  the  outcomes  from  the  study,  the  authors  believe  further 

empirical  research  should  be  conducted  to  support  lagging  manufacturing  nations  in 

accelerating  DMS  implementation. 
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1 

Introduction 

In  this  digital  age,  business  transformation  led  by  technology  modernization  has 

become  a  norm  for  any  industry  for  enhancing  their  competitive  positioning,  while 

driving  future  innovations  (Magsamen-Conrad  &  Dillion, 2020; Dornberger  & Schwaferts, 2021).  One  needs  to  acknowledge  that  digitalization  and  technological advancements  have  indeed  led  to  improved  efficiency  and  service  quality,  enabling 

thereby  improved  information  visibility  and  performance,  while  allowing  the  orga-

nizations  to  be  more  competitive  (Zeng  et  al., 2021). However,  while  organizations today,  do  not  have  a  choice  other  than  swiftly  adopting  modern  technologies  to 

compete,  many  are  not  ‘ready’  for  the  same  (Balasubramanian  et  al., 2021).  Readiness  has  been  defined  as  the  “propensity  to  embrace  and  use  new  technologies” 

(Parasuraman, 2000).  At  an  organizational  level,  readiness  renders  the  preparedness to  commence  an  intended  transformation  (Caiado  et  al., 2021). Consequently,  readiness  assessments  are  utilized  as  a  tool  to  determine  the  system’s  preparedness  (Yusif 

et  al., 2017; Caiado  et  al., 2021;  Mittal  et  al., 2018). 

There  are  several  benefits  for  organizations  in  understanding  their  readiness  for 

technologies.  First,  it  allows  validating  the  strategic  fitness  of  technology  to  the 

business  objectives  they  want  to  achieve.  Next,  once  the  fitness  is  ascertained,  they  can 

assess  their  organizational  conditions;  that  is,  technologies  that  help  in  adoption,  as 

opposed  to  the  ones  that  hinder.  Finally,  based  on  the  clarity/knowledge  gained  on  the 

critical  factors  needed  to  improve,  they  can  focus  their  energy  and  resources  on  those
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essential  aspects.  In  short,  readiness  assessment  helps  plan  for  their  transformation 

more  efficiently  (Balasubramanian  et  al., 2021; Mittal  et  al., 2018). 

Literature  has  explored  the  application  of  readiness  assessment  in  various  indus-

tries  to  understand  their  preparedness  for  technology  adoption.  Some  representative 

examples  of  traditional  and  digital  technologies  include:  ERP  (Ahmadi  et  al., 2015a, 

2015b); Banking  2.0  (Yalley, 2021);  Health-Analytics  (Venkatraman  et  al., 2016, 

2018);  Blockchain  (Balasubramanian  et  al., 2021);  Cloud  (Kauffman  et  al., 2018); 

Cybersecurity  (Georgiadou  et  al., 2020); Industry  4.0  (Caiado  et  al., 2021); Big  Data (Barham  &  Daim, 2020)  and  Manufacturing  (Barletta  et  al., 2021; Javahernia  & Sunmola, 2017).  Readiness  has  also  been  viewed  from  several  dimensions  in  the past,  such  as  organizational  change:  (Yusif  et  al., 2020); users’  predisposition  to  use new  technologies  resulting  from  the  person’s  mental  enablers  and  inhibitors  (Parasuraman  &  Colby, 2015); organizational  preparedness  (Gürdür  et  al., 2019); and institutional  preparedness  (Balasubramanian  et  al., 2021). 

Such  a  diverse  nature  of  technologies  across  industries  calls  for  several  factors  to 

be  considered  under  the  purview  of  readiness  assessments.  However,  there  has  been 

no  systematic  effort  to  streamline  or  evolve  a  standard  framework  for  reference  for 

readiness  assessments,  resulting  in  a  lack  of  consistency  in  assessment  methodologies 

across  the  studies.  Also,  the  aforementioned  studies  indicate  that  readiness  can  be 

viewed  from  an  individual,  organization,  or  industry  level,  and  we  scope  our  analysis 

at  an  organizational  level. 

Specifically,  our  study  aims  to  address  the  above-mentioned  issues  and  answers  the 

research  question  (RQ):   How  can  organizations  assess  their  readiness  for  technology 

 adoption? 

We  initially  carry  out  a  systematic  review,  and  analyze  ‘readiness’  literature. 

Herein,  we  identify  the  most  common  factors  from  an  organizational  viewpoint, 

along  with  the  methods  that  have  been  considered.  In  the  process,  we  use  TOE 

theory  as  a  base  theory  to  categorize,  consolidate  and  streamline  the  representation 

of  factors.  Further,  using  the  factors  as  a  base,  we  construct  a  general  framework  that 

can  apply  to  any  technology  readiness  assessment. 

Our  paper  is  further  organized  as  follows:  In  Sect. 2,  we  review  the  past  literature; In  Sect. 3,  we  give  an  overview  of  the  study  methodology;  In  Sect. 4,  we  carry  out a  detailed  analysis  of  readiness  studies  and  cull-out  common  factors  from  the  lens 

of  TOE;  In  Sect. 5, we  propose  a  readiness  assessment  framework;  In  Sect. 6, we discuss  the  implications  of  our  study;  and  conclude  in  Sect. 7. 

2 

Background 

The  term  “Technology  Readiness”  can  be  confusing,  and  could  mean  either 

“Readiness  of  Technology” or “Readiness  for  Technology,”  which  are  different  from 

one  another.  We  elaborate  both  with  some  background,  and  also  review  related 

studies. 
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Technology  readiness  has  its  origin  in  1970  when  NASA  developed  a  standard 

technology  maturity  assessment  tool  for  its  usage  in  complex  system  development 

(Olechowski  et  al., 2020).  The  tool  used  Technology  Readiness  Levels  (TRL),  a  type of  measurement  system  used  to  assess  the  maturity  level  of  a  particular  technology. 1 

The  TRL  system  is  part  of  the  readiness  assessment  process,  performance  objectives, 

and  research  and  development  (Straub, 2015). The  above  essentially  focuses  on 

“Readiness  of  Technology.” 

On  the  other  hand,  “Readiness  for  Technology”  is  about  the  preparedness  of  a 

system  for  technology  adoption  (Pacchini  et  al., 2019).  It  helps  identify  and  evaluate critical  gaps  and  potential  challenges  within  an  existing  system,  while  simultaneously 

highlighting  the  potential  impacts  of  change  in  a  system’s  process  or  structure  before 

the  implementation  (Barham  &  Daim, 2020;  Georgiadou  et  al., 2020;  Shah  et  al., 

2020).  Our  study  pertains  to  “readiness  for  technology.”  Readiness  for  technology can  again  be  viewed  at  an  individual,  organizational  and/or  industry  level,  comprising 

many  organizations. 

Extant  literature  has  focused  on  adopting  technology  from  the  individual  point 

of  view.  The  seminal  research  by  Parasuraman  (2000)  proposed  TRI  (Technology Readiness  Index)  to  address  the  paucity  of  research  in  people’s  readiness  to  use 

technology-based  systems.  His  paper  proposed  a  technology  readiness  construct 

and  developed  and  refined  a  multiple-item  scale  to  measure  readiness  using  the 

scale’s  psychometric  properties.  Subsequently,  over  a  decade,  other  authors  focused 

on  customer  experience,  service  encounters,  and  business  partners  to  improve  orga-

nizational  performance  (Barua  et  al., 2004;  Verhoef  et  al., 2009). For  instance,  Lin et  al. (2007)  integrated  Technology  Readiness  to  Technology  Acceptance,  giving  rise to  the  TRAM  model  to  enhance  the  existing  Technology  Acceptance  Model  (TAM). 

Even  though  technology  may  be  ready  for  prime  adoption,  organizations  might 

not  be  prepared  to  adopt,  assimilate  and  derive  value  (Asare  et  al.,2011). Hence,  the later  decades  saw  the  rise  of  the  application  of  readiness  assessment  for  technology 

adoption  from  an  organizational  level.  Several  studies  have  been  done  in  various 

areas  that  include  healthcare  (Venkatraman  et  al., 2016, 2018), ERP  (Ahmadi  et  al., 

2015a,  2015b),  manufacturing  (Barletta  et  al., 2021),  Industry  4.0  (Caiado  et  al., 

2021),  and  IT  sectors  (Barham  &  Daim, 2020;  Gürdür  et  al., 2019). 

Industries  face  challenges  in  identifying  shortcomings  related  to  cost,  financial, 

business  case,  culture,  executive  support,  skills,  clarity,  and  data  availability  while 

adopting  emerging  technologies  (Venkatraman  et  al., 2018). But  before  a  project begins,  these  shortcomings  need  to  be  addressed,  evaluating  in  the  process,  the 

remedies  at  each  step,  and  executing  the  project  when  the  organization  is  ‘fully 

confident’  in  its  readiness  to  begin  the  process  (Barham  &  Daim, 2020). Thus,  readiness  assessments  support  the  need  to  measure  the  firm’s  performance  and  identify 

underperforming  aspects  vital  for  adoption,  a  lack  of  which  might  deter  the  success 

of  the  project  (Sun  et  al., 2015). 

1  https://www.nasa.gov/directorates/heo/scan/engineering/technology/technology_readiness_ 

level. 
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Recent  studies  have  observed  the  role  of  institutional  mechanisms  and  their 

influence  on  organizational  adoption  of  new  technologies  (Balasubramanian  et  al., 

2021).  In  addressing  the  above  problem,  TOE  taxonomies  have  been  used  in  readiness  assessment,  which  considers  technological,  organizational,  and  environmental 

(external/institutional)  variables  (Venkatraman  et  al., 2016,  2018; Yang  et  al., 2015). 

Evaluating  readiness  factors  from  the  context  of  TOE  taxonomies  would  help  organi-

zations  under  uncertainty  to  make  robust  decisions  to  adopt  technology  for  improving 

organizational  performance  (Rosli  et  al., 2013). 

While  TOE  is  a  broad  framework,  the  factors  considered  in  studies  have  varied 

based  on  the  technology  being  assessed  vis  a  vis  the  industry.  However,  owing  to 

the  diverse  nature  of  technologies  and  industries,  there  has  been  a  lack  of  consis-

tency  in  the  consideration  of  factors  (both  the  depth  and  coverage),  the  terminologies 

used,  and  the  additional  assessment  techniques  used.  For  example,  while  one  study 

(e.g.,  Blockchain  Adoption  Balasubramanian  et  al., 2021)  just  mentions  Infrastructure  at  a  broad  level,  others  (Barletta  et  al., 2021)  detail  them  using  different  terms such  as  hardware,  software,  etc.  Some  studies  used  MCDM  methodologies  such  as 

DEMATEL  (Venkatraman  et  al., 2016)  and  HDM  (Barham  &  Daim, 2020),  while others  (Zhang  et  al., 2020  and  Lou  et  al., 2020)  did  not  consider  any  of  them.  A few  other  studies  considered  all  the  three  factors  (T,  O  &  E)  (Venkatraman  et  al., 

2018),  while  some  just  focused  on  technology  (Javahernia  &  Sunmola, 2017) or organization  (Ahmadi  et  al., 2015a,  2015b)  only.  Pertaining  to  depth,  some  consider, for  instance,  just  three  (Alshagathrh  et  al., 2018)  factors,  as  against  another  one  that details  fifteen  factors  (Venkatraman  et  al., 2018). 

While  industry  or  technology-specific  variations  or  nuances  in  readiness  factors 

are  understandable  (Jayasekara  et  al., 2019;  Yusif  et  al., 2017), what  is  needed is  consistency  in  the  approach  to  assessing  readiness.  However,  there  has  been 

no  systematic  effort  in  academia  to  streamline  the  methodology  or  evolve  a  stan-

dard  framework  for  reference  for  readiness  assessments  across  the  domains.  In  our 

paper,  we  focus  on  developing  a  common  framework  for  assessing  “Organizational 

 Readiness  for  Technology.” 

3 

Research  Methodology 

Towards  our  end  objective,  to  evolve  a  common  readiness  assessment  framework, 

we  included  five  critical  steps:  (a)  Literature  Search;  (b)  Identification  of  the  arti-

cles;  (c)  Screening  and  Eligibility;  d)  Analysis,  consolidation,  and  grouping  of  the 

readiness  factors  and  identifying  assessment  method  from  the  screed  articles;  and 

(e)  constructing  the  readiness  framework  (Fig. 1). 

Specifically,  we  conducted  a  literature  review  of  papers  published  in  the  last  ten 

years.  Notably,  in  the  previous  decade,  almost  every  industry  went  through  ‘digital 

technology-led’  transformation.  The  characteristics  of  such  adoption  of  technolo-

gies  were  very  different  from  the  ones  pertaining  to  the  traditional  mainframe  or 

ERP  scenarios  (Vial, 2019). With  the  swift  adoption  of  newer  technologies  like

[image: Image 60]

Towards a Standard Framework for Organizational Readiness …

201

Fig.  1  Research  Methodology  Outline

Blockchain,  Big  Data  Analytics,  Cyber  security,  and  Industry  4.0,  our  literature  anal-

ysis  focused  on  research  and  business  implications  relevant  to  the  current  trends.  We 

searched  articles  from  Google  Scholar,  ProQuest,  and  Web  of  Science  databases  using 

the  following  keywords:  “readiness  assessment,”  “technology  readiness,”  “adop-

tion  readiness,”  “readiness  technology,”  “MCDM  in  readiness  assessment,”  and 

“technology  adoption  readiness.” 

Initially,  we  collected  92  articles  related  to  readiness  assessment  done  in  the 

last  decade,  consisting  of  full  papers,  conference  papers,  and  abstracts.  Only  the
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studies  accepted  as  full  papers  were  considered  for  further  screening.  Furthermore, 

we  excluded  a  mix  of  papers  related  to  strategy,  legal,  supply  chain,  and  market  readi-

ness  but  not  related  to  organizational  readiness  for  technology  adoption.  We  further 

screened  articles  for  quality  and  selected  those  that  fall  under  the  Q1  journal  ranking 

quartile  under  the  SJR  citation  index.  The  final  shortlisted  24  papers  were  analyzed 

to  identify  the  factors,  domains,  and  methods.  Then,  we  used  the  TOE  framework  to 

categorize  the  factors,  and  normalized  the  terminologies  used  to  describe  the  factors 

in  the  studies  to  standardize  the  representation  of  factors. 

As  an  example,  the  studies  use  the  terms  such  as  leadership  support  (Lou  et  al., 

2020),  management  support  (Sun  et  al., 2015),  or  executive  support  (Sun  et  al., 2015), which  refer  to  organizational  support  by  the  executives  for  the  technology  initiatives. 

This  is  represented  in  the  TOE  framework  as  “leadership  and  management  support.” 

Such  optimization  of  terminologies  can  help  provide  us  with  a  readiness  assessment 

framework  that  is  parsimonious.  In  the  process  of  factor  categorization,  we  also 

identified  MCDM  (multi-criteria  decision-making)  methods  used  by  the  studies  to 

evaluate  organizational  readiness  for  technology  adoption. 

In  the  next  section  (Sect. 4), we  elaborate  on  our  analysis  of  papers,  details  of  the factors,  domains,  methods,  technologies,  and  readiness  perspectives.  The  outcome 

of  the  above  process  is  the  GRAFTA  (General  Readiness  Assessment  Framework 

for  Technology  Adoption)  (Sect. 5)  proposed  by  our  study. 

4 

Analysis  of  Organizational  Level  Readiness  Studies 

Our  analysis  (Ref.  Table  1)  reveals  the  availability  of  readiness  assessment  in  several traditional  technologies  such  as  ERP,  as  well  as  transformative  domains  related  to 

Blockchain,  cloud,  data,  cyber  security,  and  sustainability.  However,  we  observe 

that  the  readiness  assessments  on  transformative  technologies  are  more  complex  and 

involve  factors  beyond  the  organizational  boundaries.  Looking  at  various  studies 

on  readiness  assessment  for  technology  adoption,  the  literature  suggests  that  tech-

nology  readiness  has  been  viewed  from  four  perspectives:  strategic  change,  digital 

transformation,  maturity,  and  value  creation. 

• The   Strategic  Change   perspective  talks  about  the  extent  to  which  an  organization’s 

resources,  processes,  and  overall  activities  stipulate  that  the  organization  is  ready 

to  transform  from  a  current  state  towards  the  desired  state  (Ramaseshan  et  al., 

2015). 

• The   Digital  Transformation   perspective  signifies  the  disruptive  implication  of 

technologies  for  business,  embracing  organizations  of  all  sizes  (innovative  busi-

nesses,  start-ups,  or  high-tech  companies)  across  the  industries  and  stakeholders 

(Jafari-Sadeghi  et  al., 2021). 

• The   Maturity   signifies  that  the  technology  has  been  in  use  for  a  satisfactory  period, and  most  of  its  defects,  inherent  problems,  and  faults  have  been  diminished  by 

the  continuous  development  of  technology  (Chatzoglou  &  Michailidou, 2019). 
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• The   Value  Creation   refers  to  the  propensity  of  technology  adoption  to  create 

a  business  value  in  the  current  context  of  the  organization.  The  business  value 

could  be  tangible  ones  such  as  cost  reduction  or  intangible  long-term  values 

(Jafari-Sadeghi  et  al., 2021;  Kristensson, 2019). 

Further,  to  analyze  and  categorize  the  readiness  factors  considered  in  the  past 

studies,  we  used  TOE  (Baker, 2012)  as  a  base  framework.  Being  an  organizational level  theory,  the  TOE  framework  provides  an  analytical  lens  to  probe  the  adoption 

of  innovative  technologies  and  influence  adoption  decisions.  The  theory  presents 

Technology(T),  Organization(O),  and  Environment(E)  contexts  that  influence  tech-

nology  adoption  and  innovation  (Baker, 2012). Many  researchers  in  the  past  have adopted  the  technological,  organizational,  and  environmental  factors  to  study  the 

adoption  and  implementation  of  technologies  in  relevant  application  areas  (Venka-

traman  et  al., 2016,  2018; Yang  et  al., 2015; Yusif  et  al., 2017; Zhang  et  al., 2020). 

TOE  has  been  found  to  be  very  useful  in  explaining  the  factors  that  an  organization 

needs  to  consider  in  understanding  its  overall  readiness  (Venkatraman  et  al., 2018; 

Yusif  et  al., 2017). Though  TOE  is  a  framework  and  does  not  prescribe  any  specific factors  under  the  technology,  organization,  and  environment,  we  extract  some  of  the 

commonly  used  factors  from  multiple  TOE-based  studies  in  top  journals.  These  are 

pictorially  depicted  below  in  Fig. 2  and  briefly  summarized  further  in  Table  2  with several  references: 

Fig.  2  Readiness  factors  (commonly  used  in  literature)
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 4.1 

 Technology  Factors 

From  the  viewpoint  of  technology,  many  authors  have  looked  into  the  availability 

of  technology  as  an  inherent  factor  for  the  readiness  of  an  organization  to  adopt 

technology  in  order  to  meet  business  objectives  and  solve  issues  (Yusif  et  al., 2017; 

Venkatraman  et  al., 2018;  Javahernia  &  Sunmola, 2017;  Gürdür  et  al., 2019;  Barletta et  al.,  2020).  Even  if  technology  is  available,  organizations  may  find  it  challenging 

to  adopt  owing  to  its  complexity,  use  cases  that  involve  organizational  level  changes, 

and  other  relevant  contextual  aspects  (Barham  &  Daim, 2020; Javahernia  &  Sunmola, 

2017;  Alshagathrh  et  al., 2018;  Kauffman  et  al., 2018;  Barletta  et  al.,  2020;  Balasubramanian  et  al., 2021). Unsurprisingly,  past  studies  considered  the  complexity  of technology  as  critical.  Secondly,  technology  compatibility  issues  might  hinder  the 

system  from  functioning  as  intended  by  the  organization  (Lou  et  al., 2020; Venkatraman  et  al., 2018; Zhang  et  al., 2020). One  specific  aspect  of  complexity  may arise  owing  to  its  integration  needs.  Increasing  competition  and  widespread  use  of 

technology  have  forced  the  organizations  to  focus  on  integrating  the  cost-effective 

technologies  into  the  verticals  of  an  organization  and  effectively  leveraging  them 

(Hains  et  al.,  2018;  Venkatraman  et  al., 2016, 2018;  Javahernia  &  Sunmola, 2017; 

Lou  et  al., 2020;  Gürdür  et  al., 2019; Pirola  et  al., 2019; Barletta  et  al.,  2020).  From  a strategic  view,  integrated  technologies  may  help  the  organization  overcome  several 

challenges  in  integrating  thereby  their  business  processes. 

 4.2 

 Organizational  Factors 

An  organization  with  clear  goals  and  objectives  sets  a  vision  to  incorporate  the 

best  technology  and  practices  to  compete  in  a  fierce  business  environment.  The 

availability  of  an  effective  overall  organizational  strategy  drives  all  the  technology 

initiatives  efficiently  (Ahmadi  et  al., 2015a;  Ahmadi  et  al., 2015b; Sun  et  al., 2015; 

Venkatraman  et  al., 2016; Venkatraman  et  al., 2018;  Yusif  et  al., 2017; Yusif  et  al., 

2020;  Muigg  et  al., 2019; Lou  et  al., 2020;  Caiado  et  al., 2021;  Gürdür  et  al., 2019; 

Pirola  et  al., 2019;  Kauffman  et  al., 2018; Barletta  et  al.,  2020;  Balasubramanian et  al., 2021). However,  an  effective  strategy  alone  cannot  deliver  results,  unless  it  is backed  up  with  effective  execution.  Past  studies  have  found  that  the  critical  aspect 

of  an  agile  execution  entails  a  structure  that  accelerates  the  technology  initiatives 

across  the  business  domains.  In  turn,  such  a  structure,  along  with  people  skills,  can 

bring  efficiency  to  the  business  processes  (Ahmadi  et  al., 2015a; Balasubramanian et  al., 2021;  Barham  &  Daim, 2020;  Muigg  et  al., 2019; Timmings  et  al., 2016; 

Yang  et  al., 2015; Yusif  et  al., 2017). Overarching  all  the  above  is  a  single  factor  that drives  everything  else,  including  the  management  and  leadership  support  (Ahmadi 

et  al., 2015a; Lou  et  al., 2020; Sun  et  al., 2015).  In  fact,  past  studies  have  repeatedly highlighted  the  importance  of  the  above,  and  as  expected,  the  readiness  studies  also 

have  considered  the  same  as  critical.  Over  and  above  these,  one  factor  which  can  play
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a  crucial  role  in  organizational  readiness  is  its  size  (Yang  et  al., 2015; Yusif  et  al., 

2017).  Owing  to  several  reasons,  such  as  economies  of  scale,  some  technologies are  more  suitable  predominantly  for  large  organizations  (e.g.,  ERP)  and  some  even 

for  smaller  ones  (e.g.,  Cloud).  Past  studies  on  organizational  readiness  have  also 

considered  firm  size  as  an  important  factor  for  readiness.  Whether  it  is  a  disruptive 

technology  or  a  mature  technology,  it  is  essential  to  look  into  viable  options  before 

integrating  new  technology  into  a  process  with  a  given  firm  size  (Balasubramanian 

et  al., 2021). 

 4.3 

 Environmental  Factors 

Organizations  operate  within  the  framework  of  institutions  and  industries,  and  natu-

rally,  environmental  factors  external  to  the  organization  play  an  important  role  in 

determining  the  readiness  of  the  organization  for  technology  (Barham  &  Daim, 2020; 

Kauffman  et  al., 2018; Neofytou  et  al., 2020;  Venkatraman  et  al., 2018; Yusif  et  al., 

2017, 2020; Zhang  et  al., 2020). For  example,  industries  are  governed  by  federal regulations,  which  are  industry-specific  (e.g.,  HIPAA  for  healthcare  and  BASEL3.0 

for  Banking)  and  general  (e,g  GDPR).  Hence,  past  studies  have  considered  the  above 

as  a  part  of  their  readiness  frameworks  (Neofytou  et  al., 2020; Venkatraman  et  al., 

2018).  Another  critical  external  factor  that  drives  an  organization’s  technology  initiatives  is  keeping  up  with  the  competitive  pressure  (Lou  et  al., 2020;  Neofytou  et  al., 

2020;  Venkatraman  et  al., 2018;  Zhang  et  al., 2020).  However,  organizations  not  only compete  but  also  work  with  other  ecosystem  players,  and  hence,  there  is  always  a 

need  for  inter-organizational  integration  (Zhang  et  al., 2020;  Yusif  et  al., 2017; Lou et  al., 2020; Barham  &  Daim, 2020;  Barletta  et  al.,  2020).  Other  institutional  pressures  and  social  requirements  also  play  a  significant  role  in  organizational  readiness 

(Chiasson  and  Davidson,  2004;  Johns,  2000,  2010),  and  few  readiness  literatures 

have  also  considered  these  factors  (Balasubramanian  et  al., 2021;  Kauffman  et  al., 

2018;  Neofytou  et  al., 2020). 

Thus,  in  readiness  assessment,  it  is  imperative  to  consider  all  the  aforementioned 

factors.  Moreover,  these  factors  need  to  be  evaluated  using  appropriate  methods,  and 

such  a  design  of  readiness  assessment  methodology  helps  in  the  practical  use  of  the 

readiness  frameworks  and  models.  The  following  section  focuses  on  the  evaluation 

of  the  readiness  factors  using  Multi-Criteria  Decision-Making  (MCDM)  methods  as 

supported  by  past  studies. 

 4.4 

 Factor  Evaluation  Methodology 

Our  analysis  of  the  evaluation  methodology  used  in  papers  selected  for  our  study 

reveals  that  most  researchers  used  literature  surveys  and  employed  empirical  methods 

to  define  a  framework  and  map  the  readiness  factors  for  their  studies.  These  are
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needed  to  logically  cluster  the  various  factors  that  need  to  be  employed  for  readiness 

investigation  and  construct  the  frameworks.  Some  studies  also  measured  the  readiness 

scores  using  statistical  methods  (Gürdür  et  al., 2019; Hmielowski et al.,  2019)  and simulation  (Caiado  et  al., 2021; Georgiadou  et  al., 2020). 

However,  a  few  studies  have  recognized  that  understanding  and  assessing  readi-

ness  is  more  complex  than  a  simple  evaluation  of  underlying  factors,  and  hence,  have 

considered  the  nature  of  technology  decisions  and  involvement  of  multiple  stake-

holders  in  such  decisions  (Ahmadi  et  al., 2015a,  2015b;  Venkatraman  et  al., 2016, 

2018;  Neofytou  et  al., 2020; Barham  &  Daim, 2020). Therefore,  to  ensure  validity  and relevance  to  the  industry,  these  readiness  assessments  have  employed  Multi-Criteria 

Decision-Making  (MCDM)  methods  like  (ANP,  DEMATEL,  AHP,  Promethee  II 

and  Hierarchical  Decision  Model);  in  fact,  there  are  multiple  techniques  available  in 

MCDM/MCDA  literature.  The  choice  of  the  above  varies  across  researchers,  based 

on  their  core  objective,  industry-specific  needs,  and  fitness  for  the  purpose.  Neofytou 

et  al., (2020)  and  Venkataman  et  al.  (2015)  used,  for  instance,  the  AHP  technique  to elicit  the  prioritization  of  factors,  as  not  all  factors  are  equally  important,  and  few  may 

have  a  higher  weightage  than  the  others.  These  studies  consider  the  readiness  factors 

(criterions)  to  be  independent.  However,  Ahmadi  et  al.  (2015b)  used  ANP  to  capture real-world  scenarios  wherein  the  criterions  and  alternatives  are  also  interdependent. 

Similarly,  looking  through  the  lens  of  organizational  stakeholders,  the  importance 

and  dependencies  of  factors  may  change.  For  example,  a  CEO  may  give  a  higher 

weightage  for  an  organizational  strategy,  while  the  CIO  may  focus  on  technological 

factors.  Similarly,  organizational  stakeholders  could  vary  in  viewpoints  and  beliefs 

based  on  their  industry,  organization,  and  geography-specific  contexts.  To  capture 

such  a  multitude  of  viewpoints  from  various  stakeholders,  we  found  that  extant  liter-

ature,  by  and  large,  have  looked  to  leverage  the  DEMATEL  technique  (Ahmadi  et  al., 

2015a; Venkatraman  et  al., 2018).  We  also  noted  the  use  of  other  sophisticated  techniques,  such  as  PROMETHEE,  which  is  useful  where  stakeholders  are  working  on 

complex  problems  that  entail  multiple  criteria  that  are  difficult  to  quantify  or  compass. 

They  involve  a  lot  of  human  perceptions  and  judgments  and  when  decisions  have 

a  long-term  impact.  As  an  example,  Neofytou  et  al.,  (2020), apart  from  using  AHP 

for  calculating  the  weights,  used  PROMETHEE  for  calculating  the  final  rankings. 

We  also  found  a  study  using  the   Hierarchical  Decision  Model,  which  considers  the 

subjectivity  of  decisions,  unlike  the  simple  AHP  model  (Barham  &  Daim, 2020). 

In  summary,  while  there  are  no  silver  bullets  when  it  comes  to  organizational  readi-

ness  assessment  methods  for  technologies,  the  MCDM  methods  have  been  found 

immensely  useful  to  address  contextual  considerations  pertaining  to  organizations, 

humans,  and  industry. 
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5 

Generalized  Readiness  Assessment  Framework 

for  Technology  Adoption  (GRAFTA) 

Based  on  our  in-depth  literature  analysis  and  taking  cues  from  the  framework 

proposed  for  assessing  readiness  for  technology  adoption  using  MCDM  by  Tavana 

et  al., 2013  and  Venkatraman  et  al., 2018, we  propose  a  General  Readiness  Assessment  Framework  for  Technology  Adoption  (GRAFTA)  (Fig. 3).  The  Framework 

consists  of  three  stages:  (a)  Determination  of  Factors,  (b)  Formulation  of  Decision 

Objectives,  and  (c)  Readiness  Assessment.  The  three  steps  are  further  categorized 

into  a  description  in  terms  of  steps  and  procedures.  The  purpose  of  generalization  is 

to  facilitate  the  decision-makers  to  integrate  their  readiness  assessment  model  with 

MCDM  techniques  in  the  GRAFTA.  Further,  for  structuring  our  framework,  we  also 

identified  the  flow,  and  constructed  a  procedure  from  past  studies  (Tavana  et  al., 2013; Venkatraman  et  al., 2018)  that  have  used  a  framework  for  MCDM,  readiness  assessment,  or  both  of  them  together  in  different  sectors.  We  detail  the  steps  for  GRAFTA 

below,  describing  a  standardized  procedure  to  conduct  a  readiness  assessment  for 

technology  adoption. 

Stage  1:  Determination  of  the  factors—To  assess  readiness  for  a  relevant  scenario, 

decision-makers  need  to  determine  the  factors  that  influence  the  adoption  and  assim-

ilation  of  technology  in  the  industry  and  organization.  These  factors  can  either  be 

determined  by  industry  standards  practices  and  established  research  in  the  domain  or 

by  conducting  case  studies,  focused  group  discussions,  or  expert  elicitation.  Factors 

selected  for  a  study  should  then  be  categorized  under  the  lens  of  TOE  taxonomies 

further,  which  helps  in  clearly  designing  the  assessment  questionnaires  (stage  3) 

rooted  in  well-established  organizational  level  theories.  While  TOE  can  broadly 

capture  most  of  the  factors,  there  is  also  a  possibility  that  particular  industry-

specific  or  context-specific  factors  may  need  to  be  additionally  considered,  which  are 

different  from  commonly  used  TOE  factors  or  cannot  be  strictly  grouped  under  TOE. 

Optionally,  as  a  final  step,  to  ensure  industry  relevance  of  factors,  these  commonly 

used  factors  can  further  be  validated  by  collecting  evidence  either  by  conducting 

experiments,  surveys,  or  interviews  to  support  the  hypothesis. 

Stage  2:  Formulation  of  Decision  Objectives—after  determining  the  factors,  the 

decision-makers  need  to  select  an  appropriate  MCDM  (multi-criteria  decision-

making  method)  to  evaluate  the  factors.  This  entails  formulating  the  decision  matrix 

based  on  the  criteria  the  readiness  alternatives  are  evaluated  and  comparing  them 

through  ranking  or  voices  of  the  best  alternatives.  Also,  the  weights  of  the  criteria 

should  be  recorded  through  preference  elicitation  of  the  decision-makers  or  stake-

holders  in  the  organization.  This  enables  capturing  the  information  on  the  relative 

importance  of  the  criteria.  The  performance  and  importance  of  each  attribute  can  then 

be  finalized  through  questionnaires.  This  step  is  critical,  as  not  all  factors  are  equally 

important.  Organizations  should  thereby  spend  their  efforts  on  the  most  important 

ones  when  they  plan  their  technology-led  transformation. 

[image: Image 62]
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Fig.  3  The  proposed  General  Readiness  Assessment  Framework  for  Technology  Adoption 

(GRAFTA)  for  assessing  Technology  Readiness;  Source   Tavana  et  al. (2013), Venkatraman  et  al. 

(2018)

Stage  3:  Readiness  Assessment—The  final  stage  of  the  framework  entails  designing 

questionnaires  or  other  appropriate  instruments  to  evaluate  the  readiness  of  the 

specific  factors  in  the  context  of  the  organization.  It  also  involves  the  elicitation  of  the prioritization  of  the  objectives  or  the  preference  of  the  factors  by  the  experts.  Experts 

also  need  to  provide  a  normative  recommendation  considering  the  best  option(s)  after 

weighing  through  the  relevant  criteria  and  recommending  decision  alternatives  while 

assessing  readiness.  This  would  help  understand  the  current  position  of  each  factor 

taken  into  consideration  for  technology  adoption  and  plan  for  process  transformation 

through  effective  change  management. 

When  the  above  three  stages  are  executed  systematically,  it  provides  insights  into 

the  organization’s  readiness  for  the  technology  and  the  action  needed  to  improve  the 

weak  factors. 
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Implications 

Our  study  involving  an  assessment  of  extant  literature  on  studies  related  to  readiness, 

along  with  the  design  of  a  GRAFTA  framework  has  several  important  implications 

for  both  research  and  practice.  We  elaborate  them  below: 

 Managerial  Implications:  From  a  managerial  point  of  view,  the  decision  to  adopt  a 

new  technology,  and  assess  the  overall  readiness  from  an  organizational  perspective 

is  crucial  to  implement  a  new  system  in  a  highly  competitive  business  environ-

ment,  coupled  with  complex  legal  and  regulatory  compliances.  Our  study  supports 

the  above  objective  in  several  ways.  First,  the  readiness  assessments  would  help  in 

systematically  understanding  the  feasibility  of  adopting  a  technology,  while  deriving 

value  from  the  same.  To  achieve  that,  what  is  more  essential,  is  selecting  the  appro-

priate  factors  for  the  given  industry  or  research-based  scenario  (Stage  1).  The  experts 

involved  in  decision-making  play  a  crucial  role  in  defining  standard  procedures,  func-

tions,  and  responsibilities  while  adopting  a  new  technology  that  has  a  tremendous 

potential  to  increase  the  organization’s  efficiency.  Second,  GRAFTA  can  help  envi-

sion  the  best  practices  and  highlight  the  critical  areas  for  improvement  for  the  given 

project.  Third,  with  a  readiness  assessment  framework  at  hand,  the  decision-makers 

would  be  able  to  streamline  the  entire  adoption  process  seamlessly. 

The  proposed  framework  would  help  the  decision-makers  in  the  industry  to  struc-

ture  the  decision  support  tools  intended  to  facilitate  readiness  decisions  to  adopt 

technologies.  Technology  readiness  would  ensure  the  best  practices  orientation  with 

the  intended  current/future  goals  acting  as  a  critical  enabler  in  adoption,  innovation, 

and  change  in  the  business  processes. 

 Research  Implications:  Our  research  also  has  many  implications  for  academics. 

Researchers  could  adapt  GRAFTA  for  rapidly  prototyping  their  customized  readiness 

assessments  for  their  domains,  also  taking  advantage  of  the  wide  range  of  available 

MCDM  methods.  Apart  from  looking  into  individual,  organizational  and  institu-

tional  mechanisms  involved  in  readiness-relevant  activities,  future  research  could 

also  follow  the  directions  on  the  perspectives  of   Strategic  Change,  Maturity,  Value 

 Creation,  and  Digital  Transformation   in  readiness  assessment.  In  terms  of  contri-

bution  to  the  readiness  literature,  we  highlighted  the  research  gap,  and  proposed 

a  general  readiness  assessment  framework,  along  with  the  synthesis  of  the  current 

trends,  perspectives  in  the  industry,  and  domains.  Researchers  in  the  future  could 

further  explore  the  adoption  of  our  framework,  and  look  to  additionally  contribute 

to  literature,  especially  in  domains  that  have  not  yet  been  explored. 

7 

Conclusion 

This  chapter  elaborated  on  the  technology  readiness  assessment  concepts.  Based  on 

a  detailed  literature  review,  we  identified  common  factors  that  have  been  crucial 

and  relevant  to  address  readiness  for  technology  adoption.  We  used  the  lens  of
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TOE  (Technology,  Organization,  and  Environment)  taxonomies,  grouped  and  defined 

the  factors.  Furthermore,  we  identified  several  MCDM/MCDA  methods  used  in  the 

past  studies  and  their  roles  and  appropriate  fitment  for  various  scenarios.  We  finally 

proposed  a  standard  readiness  assessment  framework,  GRAFTA,  for  future  adoption 

in  research  and  industry. 

Our  study  is  just  the  beginning  of  the  efforts  to  evolve  a  standard  framework 

for  readiness  assessment,  and  hence,  not  without  any  limitations.  We  focused  at  an 

organizational  level  readiness,  and  thereby  excluded  factors  related  to  individual  and 

institutional  perspectives.  In  fact,  we  also  excluded  areas  not  related  to  technology 

adoption  per  se.  This  could  be  the  focus  of  future  research.  Furthermore,  researchers 

and  practitioners  in  the  future  could  also  focus  on  some  of  the  emerging  trends  and 

technologies,  especially  in  areas  yet  to  be  explored  or  are  still  at  a  nascent  adoption 

phase. 
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1 

Introduction  and  Background 

Digitalization  integrates  digital  technologies  into  a  firm’s  products,  activities,  and/or 

operations.  It  is  considered  as  the  fourth  stage  of  the  industrial  revolution,  which 

involves  the  integration  of  advanced  analytics,  automation,  Industrial  Internet  of 

Things  (IIoT),  Machine  Learning  (ML),  Artificial  Intelligence  (AI),  cloud  platforms, 

etc.  into  a  firm’s  operations  (Behrendt  et  al., 2021).  Importantly,  while  the  above elements  are  prerequisites  for  digital  transformation,  their  mere  presence  does  not 

guarantee  success  (Björkdahl, 2020). 

Digitalization  is  thereby  viewed  as  the  latest  strategy  to  bring  about  disruption,  not 

only  to  the  manufacturing  sector,  but  the  industry  at  large.  Kautzsch  (2016)  estimated that  manufacturers  could  realize  around  $1.4  trillion  through  digitalization,  and  boost 

their  margin  by  $600  billion  by  2030.  Digitalization  creates  value  through  effective 

product  development,  increases  manufacturing  efficiency,  leads  to  more  sophisti-

cated  products  and  services,  and  leads  to  more  integrated  value  chains  (Björkdahl, 

2020).  Computer-aided  design  and  drafting  increase  effectiveness  in  product  development,  leading  to  savings  both  in  cost  and  lead  time  of  actual  testing.  Efficiency 

in  manufacturing  is  improved  through  real-time  quality  control,  while  integrating 

digital  technologies  enables  providing  downstream  services  for  maintenance  and 

optimization.  Value  chains  are  integrated  through  better  information  sharing,  and 

thus,  digitalization  can  remove  intermediaries  for  an  organization  and  its  depen-

dent  supply  chains.  For  example,  digital  platforms  act  as  intermediaries  in  markets, 

advanced  communication  systems,  such  as  messaging  apps  and  facial  recognition
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systems  that  eliminate  the  middle  management,  and  additive  manufacturing  removes 

distributors  in  a  supply  chain,  IoT  in  CRM,  and  blockchain  in  finance  (Michelman, 

2017). 

Though  manufacturing  was  always  at  the  forefront  of  adopting  new  technolo-

gies,  they  seem  to  lag  behind  in  digitalization  services  (Wellener  et  al., 2018). This chapter  aims  to  assess  the  digitalization  readiness  of  manufacturing  firms  through 

case  studies.  We  collected  data  from  four  experts,  who  have  significant  experience  in 

implementing  digitization.  We  built  on  previous  research  by  examining  some  of  the 

essential  factors  in  digitalization  implementing  digitalization.  Our  basic  premise  of 

this  study  is  one  in  which,  w  we  intend  to  answer  the  following  research  questions: 

1.  The  basis  of  a  successful  digitalization  implementation  lies  in  robust  planning, 

which  in  turn,  involves  developing  a  well-defined  strategy,  a  definition  of  a  busi-

ness  model,  and  implementing  tactics.  This  leads  us  to  inquire  into  what  are  the 

elements  for  a  successful  digitalization  implementation  strategy? 

2.  Data  infrastructure  forms  the  backbone  for  digitalization.  Creating  a  new  infras-

tructure  requires  changes  in  the  organizational  setup  as  well.  Thus,  what 

are  the  infrastructural  requirements  and  organizational  changes  needed  for 

digitalization? 

3.  Digitalization  is  impossible  without  the  use  of  technology.  Technological  inno-

vations  have  brought  about  revolutionary  changes  in  many  industries.  Accord-

ingly,  what  is  the  role  of  technological  advancements  in  successful  digitization 

implementation? 

4.  Any  novel  processes  will  bring  challenges,  and  give  rise  to  trade-offs  with  existing 

methods.  The  ongoing  COVID-19  pandemic  has  challenged  the  modus  operandi 

of  the  entire  manufacturing  sector.  Hence,  we  inquire:  what  challenges  and  trade-

offs  do  the  firms  face  for  successful  digitalization  implementation?  How  COVID-

19  pandemic  has  effectively  impacted  the  digitalization  process? 

The  remainder  of  the  chapter  is  organized  as  follows:  Sect. 2  provides  the  literature review.  Section  3  provides  the  empirical  data  providing  a  brief  description  of  the methodology  and  a  summary  of  the  data  collected.  Section  4  provides  the  discussion of  results,  and  Sect. 5  provides  an  indicator  that  helps  manufacturing  firms  assess their  digitalization  readiness,  while  Sect. 6  concludes  the  chapter. 

2 

Literature  Review 

We  identified  ten  themes  from  literature  to  assess  digitalization  success  in  manufac-

turing  firms.  They  include  (1)  Strategy  (2)  Business  Model  (3)  Implementation  (4) 

Data  Management  (5)  Technology  (6)  Collaborations  (7)  Servitization  (8)  Trade-offs 

(9)  Challenges  (10)  Impact  of  COVID-19. 

Strategy:  Manufacturing  may  achieve  digital  transformation  through  a  radical  busi-

ness  model  or  new  products  or  respond  to  competing  technologies.  Digitalization
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implementation  may  increase  revenue  and  decrease  costs  (Björkdahl, 2020). While firms  can  increase  revenue  through  new  business  models,  such  as  subscriptions  and 

upgrade  services,  they  achieve  cost  efficiency  through  better  lead  times  and  better 

operations  control.  German  manufacturers  for  instance,  have  saved  USD100  million 

per  new  car  launch  by  integrating  design  and  change  data  more  closely  with  the 

production  process  (Kautzsch, 2016).  Digital  strategies  help  companies  improve 

product  differentiation  by  bringing  products  and  services  faster,  enabling  a  first-

mover  advantage  thereof  (Bughin  et  al., 2018).  For  example,  Jon  Deere  differentiates their  products  through  IoT  to  gain  a  substantial  competitive  advantage.  Though  digitalization  can  foster  innovation,  it  is  easier  to  deploy  in  order  to  improve  a  firm’s  effi-

ciency.  There  are  well-established  mechanisms  for  cost-cutting  measures  compared 

to  growth  measures. 

Some  factors  lead  to  the  failure  of  digitalization  strategies  (Bughin  et  al., 2018). 

They  are:  lacking  a  holistic  view  of  digitalization;  misunderstanding  its  economics, 

such  as  pace  of  digital  disruption,  increasing  customer  value  and  the  increasing 

advantages  of  first  movers  or  superfast  followers;  overlooking  ecosystems;  over-

looking  competitors;  and  the  failure  to  balance  the  priorities  between  digitalization 

of  current  business  and  innovative  business  models.  Thus,  a  sound  digitalization 

strategy  requires  a  proper  assessment  of  the  firm’s  health  and  market  conditions. 

Business  Models:  Digitalization  opens  a  variety  of  business  models.  Talin  (2021) 

put  forward  eleven  digital  business  models.  They  are:  “Free  model”—service  is  free, 

and  revenue  generation  is  done  through  advertisement.  “Freemium  model”—the 

free  model  for  a  basic  version  of  service,  and  a  fee  for  the  advanced  model.  “On-

demand  model”—customer  is  able  to  use  the  service  for  some  time;  “E-commerce 

model”—selling  physical  products  through  an  online  shop.  “Marketplace  model”— 

both  sellers  and  buyers  use  a  third-party  platform  for  trade;  “ecosystem  model”— 

leveraging  customers  with  different  services  across  different  platforms,  creating  a 

vendor  lock-in  services  of  the  ecosystems.  “Sharing  model”—paying  for  a  product 

or  service  without  owning  it;  “experience  model”—adding  experience  to  products 

without  actually  owning  them.  “Subscription  model”—subscribe  and  pay  for  a  partic-

ular  period;  “Open-Source  model”—generating  revenue  from  royalties;  and  finally, 

“hidden  revenue  generation  model”—selling  the  data  collected.  Notably,  both  the 

“sharing  model”  and  the  “experience  model”  have  gained  interest  among  automo-

bile  manufacturers.  In  fact,  many  automobile  manufacturers  are  currently  offering 

their  car  as  an  experience  by  adding  digital  services. 

Implementation:  The  management  approaches  to  digitalization  vary;  while  Gneral 

Electric  (GE)  followed  a  centralized  and  top-down  approach,  Siemens  followed  a 

decentralized  and  participatory  approach  (Collis  &  Junker, 2017).  Some  firms  even appoint  a  dedicated  Chief  Digitalization  Officer  (CDO)  for  the  implementation. 

Data  Management:  Firms  need  to  maintain  high-quality  data  to  increase  trust  within 

its  own  peripheries  and  with  customers,  revealing  the  customers’  preferences,  and 

thereby  providing  a  competitive  advantage  (Newton, 2021).  Fraser  (2020)  identified seven  crucial  programs  in  data  management  for  a  successful  implementation  of  a
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digitalization  program.  They  include  collection  of  data  from  different  sources  and 

formats;  proper  cleaning  of  the  data  to  eliminate  any  errors;  normalizing  and  storing 

data;  ensuring  the  consistency  of  stored  data;  enriching  the  data  with  context  from 

other  data  streams;  and  classifying  and  analyzing  the  data  for  instant  use  and  offline 

use. 

Technology:  Digital  manufacturing  is  a  crucial  enabler  for  additive  manufacturing 

technologies  and  distributed  manufacturing  (HP, 2020). Manufacturers  believe  that 3D  printing  helps  achieve  economic  advancement,  accelerated  innovation,  personalization,  increased  collaboration,  and  environmentally  sustainable  production. 

Collaborations:  Digitalization  requires  integrated  value  chains,  which  in  turn,  neces-

sitates  cooperation  between  the  value  chain  members,  including  suppliers,  customers, 

and  even  competitors.  We  broadly  classify  this  collaboration  into  two:  supplier 

participation  and  customer  participation. 

 Supplier  participation:  Many  firms  have  leveraged  supplier  participation  for  implementing  digitalization.  Firms  have  also  leveraged  the  combination  of  advanced 

manufacturing  with  increased  connectivity  in  product  design  and  development.  For 

example,  they  have  invested  in  3D  printing  for  manufacturing  products  according 

to  their  design  requirements.  Some  salient  examples  include  Boeing  in  Morf3D  and 

Siemens  investing  in  3D  printing  Startups  in  California. 

 Customer  participation: Holweg et al.  (2019)  identified  a  customer  trade-off  between the  attribute  and  price  of  a  product,  and  the  time  of  purchase  while  making  a  purchase 

decision.  As  a  customer’s  ability  to  arrive  at  an  optimal  conclusion  is  limited,  digi-

talization  can  enable  the  same.  For  example,  through  their  “Storefactory”,  Adidas 

collaborates  with  retailers  to  conduct  a  body  scan  of  customers  to  stitch  the  apparel 

of  their  required  size.  Through  this  process,  Adidas  collects  customer  data  in  terms 

of  attributes  and  time  preferences.  Digitalization  thereby  may  be  said  to  facilitate 

customer-centric  innovation  (Wellener  et  al., 2018).  For  example,  through  their  open data  platform,  “Skywise”,  Airbus  helps  customers  do  fleet  analysis,  efficiency  monitoring,  predictive  maintenance,  and  a  data  analytics  tool  to  minimize  fuel  consump-

tion.  The  platform  turned  out  to  be  a  success,  as  more  than  12  airlines  and  about 

2000  aircrafts  connected  to  this  digital  platform.  Toyota  Motors  North  America 

(TMNA)  on  the  other  hand,  developed  an  application,  where  individuals  post  ideas 

for  innovations  and  receive  feedback.  The  feedback  received  helps  the  company 

assist  customers  in  configuring  vehicles,  brings  about  product  design  changes,  and 

provides  new  and  enhanced  digital  offerings  (Ross  et  al., 2019). Schneider  Electric for  example  offers  intelligent  energy  management  solutions  to  customers  with  the 

help  of  sensors  placed  in  their  equipment  (Ross  et  al., 2019). 

Product  as  a  service:  GE  Power  changed  from  selling  a  product  to  selling  a  service 

(Siegel  &  Lehman, 2017).  They  transformed  the  product  model  into  a  subscription  model.  Further,  it  may  be  noted  that  business  models  have  changed  from  being 

transactional  and  single  instanced  to  long-term  and  partnership-based.  Servitiza-

tion  brings  many  benefits  to  manufacturers,  such  as  increasing  product  reliability, 
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higher  customer  involvement,  and  creating  new  product  capabilities  and  revenue 

opportunities  (Ayyaswamy, 2016). 

Trade-offs:  Though  digital  manufacturing  provides  competitive  advantages,  the 

biggest  challenge  is  its  complexity  in  terms  of  enterprise-wide  implementation 

(Björkdahl, 2020). 

Challenges:  Björkdahl  (2020)  identified  many  challenges  that  manufacturing  firms have  to  deal  with  to  adopt  digitalization.  Some  of  them  include  the  absence  of  appropriate  processes  to  develop  and  test  the  new  customer  offerings.  The  need  to  create 

an  agile  environment;  hardware  and  software  requirements  to  enable  central  data 

control;  building  capability  for  rigorously  analyzing  the  data  available;  the  presence 

of  data  lakes;  establishment  of  governance  structure;  coordination  problems  across 

functions;  organization-wide  responsibility;  absence  of  one-size-fits-all  solution; 

dilemma  in  deciding  to  develop  capabilities  in-house  or  to  outsource;  and  handling  of 

multiple  actors  and  shifting  value  chain  activities.  General  Electric  (GE)  for  instance, 

faced  similar  challenges  during  its  digitalization  implementation  (Siegel  &  Lehman, 

2017). 

COVID-19:  The  ongoing  COVID-19  pandemic  has  undoubtedly  tested  the  resilience 

and  agility  of  the  manufacturing  sector.  When  the  pandemic  broke  out  worldwide, 

it  greatly  exposed  the  manufacturing  industry  to  demand  shocks  that  cut  production 

lines,  which  were  then  diverted  to  developing  COVID  essentials  (e.g.,  ventilators 

and  PPE  kits).  Accenture  (accenture.com, 2020)  recommends  five  actions  for  manufacturing  firms  to  maintain  agility  during  pandemics  and  future  disruptions;  they 

include: 

1. Understanding  demand  disruptions:  Manufacturers  should  understand  the 

customers’  actual  needs.  For  this,  they  need  to  segment  the  market  on  the  changed 

conditions,  rapidly  evaluate  both  demand  and  supply  scenarios,  and  understand 

the  customers’  ability  to  receive.  They  should  also  develop  a  road  map  foreseeing 

future  demand  and  supply  shocks. 

2. Ensuring  workforce  safety  and  flexibility:  This  can  be  performed  by 

rescheduling  working  time  and  allowing  remote  work  to  prevent  overcrowding. 

Additionally,  COVID-related  safety  essentials  to  workers  must  be  provided  for, 

while  ensuring  workers’  mental  wellbeing. 

3. Assuring  ecosystem  viability:  Manufacturers’  ecosystems,  such  as  suppliers, 

logistics  providers,  and  other  contract  agencies  have  also  faced  significant  disrup-

tions  during  the  pandemic.  Manufacturers  should  thereby  ensure  the  viability 

of  the  existing  ecosystem  and  should  take  possible  actions  to  restore  a  viable 

ecosystem. 

4. Management  of  physical  production  network  assets:  Manufacturers  should 

analyze  and  understand  their  critical  assets  and  redeploy  their  underutilized 

assets. 

5. Leveraging  digital  capabilities:  Manufacturers  should  leverage  their  existing 

digital  capabilities  to  create  resilience. 
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Firms  that  have  implemented  digitalization  can  build  resilience  during  the 

pandemic.  MIT  Sloan  senior  lecturer  George  Westerman  proposed  five  digital 

capabilities  critical  to  firms’  success  post  the  COVID-19  pandemic;  they  include 

(Eastwood, 2021): 

1.  Building  customer  experience  with  emotional  engagement,  driven  by  customer 

intelligence  data. 

2.  Data-driven  connected  and  dynamic  operations. 

3.  Creating  a  flexible  environment  for  employees. 

4.  A  business  model  with  a  multi-sided  platform  strategy  that  offers  digital 

enhancements  to  existing  capabilities. 

5.  A  fully  functional  integrated  digital  infrastructure. 

Manufacturing  firms  that  have  adopted  a  fully  integrated  digital  infrastructure 

or  I4.0  will  have  a  leading  edge.  But,  at  the  time  of  the  COVID-19  pandemic,  the 

adoption  of  I4.0  needs  to  balance  the  necessity  to  establish  agility  capabilities,  and 

the  need  for  cash  preservation,  which  may  lead  to  the  emergence  of  their  adoption 

pathways  (Agrawal  et  al., 2020). They  are: 

1. Accelerated  adoption:  firms  are  eager  to  find  immediate  solutions  to  the  circum-

stances  by  making  some  operations  digital.  These  can  be  through  digital  solu-

tions,  such  as  making  the  work  instructions  digital,  automating  basic  processes, 

using  IIoT  for  performance  measurement,  augmented  reality  (AR)  for  operator 

assistance,  digitalizing  maintenance  activities,  etc. 

2. Differential  adoption:  adoption  occurs  at  a  faster  rate  for  firms  that  have  existing capabilities,  but  at  a  lower  rate  for  small  and  medium  enterprises.  This  type 

of  adoption  is  visible  with  technologies  such  as  AI/ML  for  operations,  robotic 

process  automation  for  services,  automated  guided  vehicles  (AGVs)  in  ware-

house  management,  the  use  of  digital  twins  for  optimizing  operations,  and 

augmented  reality  for  operator  training. 

3. Deferred  adoption:  technologies  with  high  investment  and  a  more  extended 

payback  period  fall  into  this  category.  Firms  are  uncertain  about  the  prospects  of 

these  technologies  due  to  the  above  factors.  These  include  the  use  of  Blockchain 

for  supply  chain  traceability,  advanced  automation  systems,  3D  printing  and 

nanotechnology  in  manufacturing,  etc. 

Thus,  COVID-19  has  played  an  essential  role  in  accelerating  the  digitalization  of 

manufacturing  firms. 

3 

Empirical  Data 

 3.1 

 Methodology 

We  adopted  multiple  case  studies  to  understand  the  various  aspects  of  the  digital-

ization  process  in  manufacturing  firms.  We  collected  data  from  four  experts,  who
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Table  1  Empirical  data:  expert  profiles 

Expert

Profile 

Expert  1

A  digital  leader  and  innovator  in  smart  manufacturing/industry  having  experience  of 

15+  years  in  the  industry.  Currently  affiliated  with  a  Watch  Manufacturing  and 

Assembly  Organisation. 

Expert  2

Managing  Director  at  a  Computer-Aided  Design  (CAD)  company  and  have  over 

10  years  in  the  CAD/Manufacturing  industry. 

Expert  3

Associated  with  manufacturing  industry  for  15+  years.  Currently  affiliated  with 

Sheet  Fabrication  Industry. 

Expert  4

Associated  with  manufacturing  industry  for  10+  years.  Currently  affiliated  with 

Machine  shop  supporting  organizations  in  developing  parts  of  machinery. 

have  had  significant  experience  in  digitization  implementation  in  India.  We  originally 

considered  7  from  the  manufacturing  industry  in  India.  We  got  responses  from  6  only 

(due  to  the  pandemic  situation).  On  curation,  we  found  that  only  four  had  data  that 

are  useful  for  analysis.  Each  of  the  responses  is  from  a  different  organization.  The 

profile  of  the  exports  can  be  briefed  as  follows  (Table  1): 

We  prepared  a  semi-structured  questionnaire  for  the  interview.  While  one  expert 

preferred  to  provide  an  interview,  the  other  three  preferred  to  provide  a  written  answer. 

The  questionnaire  is  provided  in  the  appendix. 

 3.2 

 Summary  of  Responses 

The  responses  from  the  interview  and  surveys  can  be  summarized  as  follows: 

Strategy:  Cost  minimization  is  the  driving  force  for  digitalization.  Thus,  companies 

prioritize  improving  the  existing  process  over  new  techniques.  Significant  digital 

applications  are  seen  in  process  optimization  and  balancing  workload.  The  dynamics 

of  the  market  makes  disruption  inevitable.  Digitalization  trends  for  manufacturing 

firms  are  more  on  the  automation  side,  such  as  Robotic  Process  Automation  (RPA). 

This  makes  it  an  essential  component  for  competitive  advantage.  With  the  advent  of 

cloud  computing,  digitalization  strategy  has  turned  to  “cloud  strategy”. 

Business  Model:  The  business  model  for  adopting  digitalization  varies  across  orga-

nizations.  Notably,  most  organizations  follow  a  “Cloud-first”  Business  model.  Never-

theless,  sustainability  considerations  are  slowly  gaining  ground,  with  firms  beginning 

to  recycle  waste,  use  renewable  energy,  and  adopt  a  circular  design  thinking,  using 

PAT  measures.  Firms  are  also  developing  innovation  programs,  but  have  not  identified 

new  revenue  opportunities. 

Implementation:  The  decision  of  implementing  digitalization  is  a  top-management 

decision;  but  the  implementation  process  is  participatory.  Firms  so  far,  have  not 

appointed  any  Chief  Digitalization  Officer  (CDO).  Additionally,  employee  training

228

M. Murali and T. V. Krishna Mohan

is  required  for  successful  implementation,  which  in  turn,  necessitates  an  assessment 

of  in-house  capabilities  and  training  requirements.  Apart  from  training,  executive 

support  and  reward  mechanisms  are  also  needed  to  get  to  succeed  in  the  imple-

mentation  process.  Moreover,  there  is  a  cultural  aspect  that  is  imperative  for  the 

implementation  success. 

Data  Management:  The  firms  agreed  on  the  necessity  of  a  centralized  data  control. 

The  presence  of  a  skilled  workforce  is  essential  for  data  management.  Manual 

monitoring  of  data  may  be  required  before  implementing  digitalization. 

Technology:  Most  firms  are  using  or  planning  to  use  advanced  technology;  firms  see 

high  prospects  for  using  AI,  ML,  and  IoT,  and  they  are  optimistic  about  using  additive 

manufacturing  in  the  future,  but  currently,  cite  its  high  cost  of  implementation  as  a 

barrier.  Firms  have  also  been  focusing  on  “low-code  platforms;”  these  platforms  are 

flexible,  because  they  can  be  modified  with  considerably  less  effort  (about  1/8th  to 

1/10th  of  the  past  efforts).  Some  of  the  common  platforms  used  include  container 

platforms,  Debox  (performance  review  management  platform)  to  rewrite  applications 

for  different  trigger  points,  such  as  renewal  budgets  or  maintenance  opportunities. 

The  objective  is  to  make  applications  cloud-ready  for  optimizing  the  overall  budget. 

Collaborations:  Firms  underline  the  need  for  customer  data  for  improvement. 

Though  some  support  their  suppliers  in  implementing  digitalization,  they  have  so 

far,  not  invested  in  the  same. 

Product  as  a  service:  Firms  are  slowly  moving  toward  a  service-oriented  business 

model,  and  are  looking  to  adopt  the  micro-services  concept  and  service-oriented 

architecture.  While  some  firms  have  already  started  selling  their  product  as  a  service, 

others  foresee  doing  it. 

Trade-offs:  Firms  use  ROI  to  measure  the  utility  of  digitalization.  The  significant 

trade-off  is  the  ease  of  doing  business  versus  the  scalability  of  business/revenue 

models. 

Challenges:  Significant  challenges  listed  include  the  functioning  of  existing 

processes  and  the  lack  of  agility.  Additionally,  communication  between  external 

stakeholders  (e.g.,  digitalization  service  providers)  is  significant.  There  is  a  gap 

between  the  organizational  requirements  and  the  service  provided.  There  is  no  “one-

size-fits-all  solution”  that  can  be  offered.  Lastly,  the  sustainability  of  digitalization 

is  also  a  great  concern. 

COVID-19:  Firms  unanimously  agree  that  the  COVID-19  pandemic  has  pushed  them 

for  faster  digitalization.  Early  adopters  feel  digitalization  has  provided  them  with  an 

added  advantage.  COVID-19  has  made  much  of  the  paperwork  digital.  None  of  the 

firms  from  our  sample  has  changed  their  product  lines  for  manufacturing  COVID-19 

essentials. 
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New  Themes  Identified: 

 Role  of  Cloud:  As  mentioned  earlier,  the  digitalization  strategy  has  transformed  into developing  a  “Cloud  Strategy.”  Firms  today,  focus  mainly  on  cloud  platforms,  where 

they  can  rewrite  applications.  In  fact,  most  of  the  manufacturers  have  moved  their 

applications  to  the  cloud.  Many  firms  have  also  been  implementing  an  IT  structure 

with  a  ‘Cloud-first’  approach.  The  digitalization  strategy,  particularly  with  cloud 

adoption,  has  reduced  the  timeline  for  IT  roadmaps  from  5  years  to  1–2  years.  The 

objective  is  to  make  applications  cloud-ready  for  optimizing  the  overall  IT  budget. 

Manufacturers  are  thereby  confident  that  ‘cloud’  is  secure  to  use. 

 Employee  adaptation:  Employees  in  manufacturing  firms  usually  work  on  fixed 

work  timings.  But  due  to  the  advent  of  COVID-19,  employees  have  been  forced  to 

work  beyond  their  usual  timings,  which  has  greatly  disturbed  their  work-life  balance, 

resulting  in  stress. 

4 

Discussion 

We  answer  the  research  questions  in  this  section.  Subsection  4.1  explains  the  process flow  of  a  successful  digitalization  implementation,  briefly  explaining  the  elements  of 

a  successful  digital  strategy,  along  with  the  organizational  and  infrastructural  require-

ments.  Subsection  4.2  briefly  describes  the  serve  business  model  that  arises  because of  digitalization.  Subsection  4.3  explains  the  organizational  changes,  and  the  role  of startups  in  digitalization.  Subsection  4.4  discusses  various  technological  advancements  for  a  successful  digitalization  process,  followed  by  subsection  4.5  underlining the  part  of  the  cloud  in  future  technological  advances.  Section  4.6  discusses  the influence  of  the  COVID-19  pandemic  on  digitalization. 

 4.1 

 Process  Flow  of  Digitalization  Implementation 

We  portray  the  various  steps  in  the  digitization  implementation  from  the  empirical 

data  we  collected  (Fig. 1). With  advances  in  technology,  implementing  digitalization has  become  a  continuous  process,  as  technologies  become  obsolete  faster.  The  steps 

are  as  follows:

1. Strategy  development:  Firms  develop  their  strategy  based  on  the  type  of  require-

ment,  such  as  improving  existing  processes  or  developing  new  techniques.  They 

also  examine  new  business  models  or  revenue  opportunities  in  developing  their 

digitalization  strategy.  Cloud  adoption  reduces  the  timeline  of  firms’  roadmaps 

and  impacts  strategy  development. 

2. Infrastructure  requirement  assessment:  Once  the  firms  decide  their  strategy, 

they  assess  their  existing  infrastructure  and  invest  in  digitalization  infrastructure. 
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Fig.  1  Steps  in  digitalization  implementation 

3. Technology  choice:  With  an  abundance  of  digital  technologies,  firms  identify 

the  technologies  that  fit  most  of  their  requirements  and  constraints. 

4. Stakeholder  assessment:  Firms  need  to  assess  various  the  readiness  of  external 

and  internal  stakeholders  before  digitalization  implementation.  The  stakeholder 

assessment  includes  supplier  and  customer  assessment  for  compatibility,  possible 

collaborations,  and  employee  assessment  for  skill  development.  Firms  also  assess 

the  digital  readiness  of  their  competitors  for  meeting  market  expectations. 

The  three  steps  above  may  not  happen  sequentially;  they  may  overlap,  and 

multiple  iterations  may  occur  before  successful  digitalization  implementation. 

5. Trade-offs  and  challenges  assessment:  Firms  also  assess  their  various  chal-

lenges  in  digitalization.  The  challenge  in  the  current  implementation  adds  as 

feedback  for  developing  their  future  strategy.  Thus,  digitalization  does  act  as  a 

continuous  process  over  time. 

Figure  2  represents  the  digitalization  operation  that  many  firms  have  adopted,  and has  been  verified  by  our  experts.  As  most  firms  aim  at  process  improvement,  they 

identify  the  key  processes  that  are  to  be  digitalized.  Following  that,  they  provide 

employee  training  and  skill  development.  Firms  try  to  link  their  automation  with 

cloud-based  platforms  in  the  current  scenario.  Most  firms  are  contemplating  the  use 

of  advanced  technologies  soon.  They  would  completely  become  I4.0  ready  once  they 

adopt  all  advanced  technologies. 
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Fig.  2  Digitalization  operation  plan 

 4.2 

 Servitization 

Our  study  indicates  that  manufacturing  firms  are  gradually  moving  toward  servitiza-

tion  of  their  products.  Servitization  helps  manufacturers  establish  a  closed-loop  data 

system  by  collecting  customer  data  (Ayyaswamy, 2016). The  implementation  of  new generation  architecture  such  as  containerization  enables  API  services.  This  server-less  architecture  helps  to  fine  tune  service  models.  Manufacturers  can  also  perform 

supply  chain  optimization  to  consolidate  the  services. 

 4.3 

 Role  of  Startups 

From  an  ecosystem  perspective,  digitalization  of  manufacturing  has  led  to  over  4100 

manufacturing  tech  startups  that  provide  software  solutions  to  various  members  of 

the  manufacturing  value  chain.  Based  on  the  valuations,  they  are  termed  “Unicorns”, 

“Soonicorns”,  and  “Minicorns”  (tracxn.com, 2021). 

1.  Unicorns:  Valuation  >  1  billion  USD.  Examples:  Uptake  (USA),  Cognite 

(Norway),  Moglix  (India),  etc. 

2.  Soonicorns:  Soon  to  be  Unicorns,  valuation  over  a  hundred  million  USD. 

Examples:  EquipmentShare  (USA),  OnRobot  (Denmark),  Zetwerk  (India),  etc. 

3.  Minicorns:  Early-stage  ventures  showing  promising  growth.  Examples:  Poka  Inc. 

(Canada),  Haizol  (China),  Altizon  (India),  etc. 
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 4.4 

 Essential  Technologies 

A  survey  conducted  by  McKinsey  Global  on  digital  transformations  found  that 

organizations  with  successful  digital  transformations  have  employed  more  tech-

nologies  than  others  (de  la  Boutetière  et  al., 2018).  The  technologies  that  are used  by  the  respondents  and  the  percentage  of  the  respondents  using  them  are  as 

follows:  traditional  web  technologies  (85%),  cloud-based  services  (81%),  mobile 

internet  technologies  (68%),  big  data  and  big  data  architecture  (56%),  IoT  (45%), 

Design  Thinking  (44%),  AI  tools  (31%),  Robotics  (21%),  Advanced  neural  machine-

learning  techniques  (17%),  Augmented  reality  technologies  (15%)  and  Additive 

manufacturing  (13%). 

The  next  stage  of  digitalization  will  be  Industry  5.0  (I5.0),  connecting  humans  and 

machines  (Saratchandran, 2020). We  recommend  the  following  technologies  (Fig. 3) 

essential  to  transforming  manufacturing  in  the  immediate  future. 

1. 

AR/VR—Augmented  reality  or  virtual  reality  can  enable  remote  operations 

and  the  training  of  workers. 

AR/VR 

Digital 

Cloud 

twin 

Additive 

manufac 

IoT 

turing 

2021 

Digital 

AI/ML 

cameras 

Low/No 

Indoor 

code 

maps 

systems 

Security 

Fig.  3  Essential  technologies  for  digitalization
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2. 

Cloud—Cloud  computing  can  optimize  the  IT  infrastructure.  Cloud  computing 

helps  to  connect  across  the  manufacturers  in  the  supply  chain  and  allows  data 

sharing,  thus  enabling  cost  savings. 

3. 

IoT—IoT  plays  a  significant  role  in  industrial  floor  automation.  IoT  also  enables 

an  analysis  of  real-time  data 

4. 

AI/ML—AI/ML  can  be  used  for  better  demand  forecasting,  inventory  plan-

ning  and  logistics,  production  scheduling,  productivity  improvements,  and 

customer  relationship  management.  AI  helps  manufacturers  achieve  economies 

of  unscaling  by  supporting  the  emergence  of  platforms  and  technologies  that 

can  be  rented  on  a  need  basis  (Taneja  &  Maney, 2018). For  example,  GE  uses an  AI-based  platform  called  ‘Predix’  that  captures  data  from  their  products’ 

sensors  and  uses  the  data  for  future  optimization  of  their  products.  GE  also 

rents  Predix  to  companies.  For  instance,  Tech  Mahindra  uses  Predix  for  an  app 

to  remotely  manage  solar  farms. 

5. 

Low  code/No  code  systems—Low  code  platforms  enable  easiness  to  build 

service  components. 

6. 

Security—When  companies  automate  and  connect,  it  is  crucial  to  protect  the 

data  and  assets  in  the  industry.  Migrating  to  cloud-based  ERP  systems  will 

enable  them  to  better  security. 

7. 

Indoor  maps—Through  the  use  of  indoor  maps  and  embedding  them  with 

employee  mobiles,  firms  can  control  the  navigation  of  humans,  robots,  and 

drones  in  a  factory. 

8. 

Digital  cameras—Firms  can  use  digital  cameras  for  image  analysis  in  a 

production  environment  for  quality  assurance. 

9. 

Additive  manufacturing—Through  additive  manufacturing  technologies  such 

as  3D  printing,  firms  can  reduce  costs  and  complexity  in  manufacturing  complex 

and  customized  products. 

10. Digital  twin—using  Digital  Twin,  the  manufacturing  industry  can  benefit  from 

managing  the  DDD  (Dull,  Dangerous  and  Duplicate)  aspects  of  the  work  envi-

ronment  very  effectively.  It  is  also  useful  in  managing  future  improvements  and 


activities. 

 4.5 

 Cloud—the  Future 

Our  study  indicates  that  firms  rely  more  on  cloud-based  applications  to  implement 

digitalization.  This  enables  them  to  turn  IT  budgets  into  computations  and  utility 

models.  Nethi  (2021)  points  out  that  according  to  the  2020  IDG  Cloud  Computing Study,  92%  of  the  surveyed  organizations  are  leveraging  the  power  of  the  cloud  by 

reducing  hardware  and  shifting  to  remote  managing  their  infrastructure.  The  author 

recommends  10  tips  for  a  competitive  edge  in  this  scenario: 

1. 

Ensuring  cloud  compliance  to  gain  customer  trust, 

2. 

Delegating  skilled  talent  for  cloud  migration, 
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3. 

Firms  should  identify  applications  that  are  cloud  friendly.  For  this,  they  should 

assess  the  complexity  of  changes,  analyze  the  short  term  versus  long  term  costs 

and  benefits,  and  should  assess  the  ease  of  integration  with  other  applications, 

4. 

Selecting  the  right  cloud  service  provider  with  the  correct  expertise  and  service, 

5. 

Careful  planning  of  cloud  migration, 

6. 

Continuous  testing  to  avoid  excessive  downtime, 

7. 

Leverage  “Cloud  bursting”,  the  public  cloud  for  enhancing  scalability, 

8. 

Constant  monitoring  of  cloud  usage, 

9. 

Retraining  staff,  and 

10.  Defining  performance  indicators. 

 4.6 

 COVID-19  and  Resilience 

Digitalization  helps  firms  to  be  resilient  during  the  COVID-19  pandemic.  Firms 

that  are  already  digitalized  could  leverage  their  capability  during  the  pandemic. 

Many  administrative  activities,  such  as  accounting  and  invoice  generation  become 

digital.  The  pandemic  also  opens  opportunities  for  employee  training  for  their  faster 

adaptation.  Thus,  the  COVID-19  pandemic  acted  as  a  catalyst  for  digitalization. 

5 

Digitalization  Readiness  Indicator 

Maturity  models  are  typically  based  on  process  or  regulations-based  ones.  Interest-

ingly  in  the  last  5  years,  there  had  been  more  disruptions  and  innovations  (Cloud, 

Mobile,  Mobility  as  a  service,  Shared  economy,  Crowdsource,  AI-ML)  had  dramati-

cally  changed  the  landscape,  and  an  approach  that  is  sensitive  to  technology  trends  is 

needed  to  measure  the  impact  of  adoption.  In  addition,  the  nudge  that  COVID-19  had 

provided  for  adopting  technology  rapidly  in  order  to  get  a  kind  of  business  continuity 

had  not  been  captured  effectively  in  the  earlier  models.  Hence,  we  think,  a  digital 

readiness  model  is  essential  to  measure  the  effectiveness  and  efficiency  of  adoption. 

The  impact  of  practice  differences  does  exist  between  developed  and  developing 

countries  –  cultural,  and  social.  However,  we  had  not  targeted  these  factors  in  our 

model.  Brozzi  et  al.  (2020)  and  Brozzi  et  al.  (2021)  present  certain  Key  Readiness Indicators  (KRIs)  for  evaluating  the  digitalization  readiness  of  small  and  medium 

manufacturing  enterprises.  The  KRIS  evaluates  across  the  following  dimensions: 

Strategy,  processes,  Industry  4.0,  employees,  Information  Technology  (IT),  and  data 

security.  The  resulting  readiness  level  is  calculated  on  a  Likert  scale  ranging  from 

1  to  5  where  1  is  for  low  implementation  level  and  5  is  for  high  implementation 

level  for  each  dimension.  Based  on  the  average  score  of  the  assessment  the  firms  can 

classify  their  digital  readiness  as  low  level  (1–2),  medium  level  (3–4),  and  high  level 

(4–5).  We  adopt  the  proposed  KRIs  from  Brozzi  et  al. (2020)  based  on  technology’s impact  and  present  KRIs  for  manufacturing  firms  that  act  as  a  guide  for  successful
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digitalization  implementation.  While  Brozzi  et  al. (2020)  focus  more  on  industrial focus,  we  want  to  track  the  impact  of  disruptive  and  innovative  technologies.  We 

present  the  proposed  digitalization  readiness  indicator  in  Fig. 4. Firms  can  assess their  digitalization  readiness  by  computing  the  average  score. 

6 

Conclusion 

In  this  research,  we  present  an  empirical  study  to  understand  the  implementation 

approaches  to  assess  and  evaluate  the  digitalisation  readiness  of  manufacturing  firms. 

Manufacturing  organizations  face  several  challenges.  They  need  to  look  at  their 

digital  dexterity.  Digital  dexterity  is  the  ability  of  employees  to  adapt  and  adopt 

existing  and  emerging  technologies  in  their  field  to  produce  better  results  for  their 

company.  In  addition,  COVID-19  presented  a  unique  opportunity  to  innovate  through 

rapidly  increasing  digital  dexterity.  Manufacturing  firms  have  succeeded  in  digitaliza-

tion  through  cloud  adoption.  They  mainly  achieved  efficiency  through  automating 

many  of  their  existing  processes.  Digitalization  also  enabled  manufacturing  firms 

to  adapt  to  service  business  models.  Though  the  digitalization  of  manufacturing  has 

many  benefits,  firms  face  challenges  in  finding  the  right  service  providers.  The  advent 

of  COVID-19  made  many  employees  change  to  flexible  timing  and  remote  working, 

which  they  faced  difficulty  adapting.  In  conclusion,  it  shows  us  how  a  manufacturing 

industry’s  digital  readiness  can  be  assessed  and  come  up  with  recommendations  for 

the  digital  readiness  roadmap.  Implementation  of  this  roadmap  will  improve  digital 

dexterity,  and  thereby  future  proving  their  operations. 
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Dimension

Metric
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4
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Fig.  4  Digitalization  readiness  indicator
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Appendix 

Interview  Questionnaire 

1. 

Strategy:  What  was  your  firm’s  digitalization  strategy? 

–  Is  it  to  improve  the  existing  processes  or  nurture  new  ideas  (start  new 

ventures)? 

–  Do  you  think  competitors  are  moving/growing  faster? 

–  Do  you  think  you  will  get  disrupted? 

2. 

Business  Model:  What  was  your  business  model? 

–  Were  there  sustainability  considerations  or  just  confined  to  economic 

returns?  (Examples  Reduce  carbon  footprint,  circular  economy  consider-

ations,  Tech  Debt  reduction,  etc.) 

–  How  do  you  measure  it? 

–  Do  you  have  an  innovation  program? 

–  Are  you  using  Design  thinking  aspect  in  your  product/service  design? 

–  Do  you  think,  digitalization  has  given  you  chance  to  explore  into  new 

business  opportunities? 

3. 

Implementation:  What  approach  did  your  firm  follow  while  implementing 

digitalization?  A  top-down  approach  or  participatory  approach? 

–  Do  you  have  a  Chief  Digitalization  Officer  role? 

4. 

Data  Management:  How  did  you  manage  the  data  requirements? 

–  Do  you  have  a  centralized  control  over  the  data? 

–  Do  you  have  a  skilled  workforce  for  managing  the  data? 

5. 

Technology:  What  are  the  infrastructural  requirements  for  digitalization  of  the 

firm? 

–  Is  the  computational  infrastructure  secure  and  flexible?  (using  cloud  and 

secured) 

–  Do  you  have  a  list  of  technologies  you  want  to  adopt?  (like,  IoT,  AI,  ML, 

Digital  Twin,  etc.,) 

–  Are  you  using  advanced  technology  such  as  additive  manufacturing/3D 

printing  to  leverage  data  availability? 

–  If  you  are  not  using  additive  manufacturing,  how  likely  are  you  going  to  use 

it  in  the  future?  Do  you  think  that  will  add  value? 

–  How  do  you  think  adopting  additive  manufacturing  will  impact  your  supply 

chain  relationships? 

6. 

Collaborations:  What  type  of  collaborations  have  you  leveraged  resulting  from 

the  digitization  initiative? 

Supplier  collaborations:  How  do  you  ensure  supplier  participation? 
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–  Do  you  involve  your  suppliers  in  any  activities  in  product  development,  for 

example,  product  design? 

–  Do  you  invest  in  your  suppliers’  digitalization? 

–  Have  you  collaborated  with  educational  institutions,  startups,  technology 

incubators,  or  technology  collaborators? 

Customer  collaborations:  How  do  you  ensure  customer  participation? 

–  How  do  you  enhance  your  customers’  digital  experience? 

–  How  do  you  enhance  your  customers’  perceived  quality? 

–  Are  you  adopting  immersive  technologies  to  improve  customer  experience? 

(AR,  VR,  MR,  and  Digital  Twin) 

–  How  do  you  think  you  benefitted  from  increased  customer  involvement? 

–  What  type  of  data  do  the  firm  collect  from  their  customers?  How  do  you 

ensure  your  credibility  in  fair  data  usage  to  your  customers? 

7. 

Product  as  a  Service:  Do  you  have  plans  to  change  the  business  model—selling 

as  a  product—to  selling  as  a  service?  Or  have  you  already  implemented  it  at 

least  partially? 

8. 

Trade-offs:  Do  you  think  that  the  benefit  from  digitalization  is  far  more  than 

the  complexity  in  implementation? 

–  How  do  you  measure  the  benefits  of  digitalization?  Do  you  use  ROI  or  any 

other  metrics? 

–  Do  you  think,  disruption  needs  adoption,  despite  the  appearance  of  ROI 

lacking,  just  to  survive  in  the  marketplace? 

9. 

Challenges:  What  are  the  challenges  faced  by  you  in  adopting  digitalization? 

–  Existing  Processes? 

–  Governance  and  compliance? 

–  Data  Management  and  Data  localization  compliance? 

–  Employee  Skills/Organizational  Structure? 

–  Communicating  to  internal  as  well  as  external  stakeholders 

–  Developing  capabilities  in-house  versus  outsourcing? 

–  Lack  of  Agility? 

–  Legacy  IT  systems. 

10. COVID-19:  How  digitalization  has  helped  you  to  cater  to  the  COVID-19 

pandemic? 

–  Has  COVID-19  situation  pushed  you  to  adopt  digital  strategy  more  aggres-

sively? 

–  Have  you  changed  any  of  your  product  lines  to  COVID-19-related  medical 

equipment  such  as  ventilators? 
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Smart Factories and Indian MSME 

Tushar Gahlaut and Gourav Dwivedi 

1  Introduction 

Micro,  Small,  and  Medium  Enterprises  (MSMEs)  not  only  provide  opportuni-

ties  for  job  and  self-employment,  but  also  help  in  contributing  toward  sustainable 

and  resilient  economic  growth  of  a  nation  (Bagale, 2014).  Considering  the  Indian scenario,  it  has  been  found  that  MSMEs  contribute  to  30%  of  Indian  GDP  (Gross 

Domestic  Product)  and  simultaneously  provide  job  opportunities  to  more  than  11 

crore  people  (“Growth  imperative  for  the  MSME  sector”,  n.d.).  Due  to  the  changing 

business  trends  and  technological  advancements,  a  few  MSMEs  have  prospered  up  to 

a  great  extent  over  the  years,  while  some  SME  units  vanish  with  time  and  at  the  same 

time,  newer  ones  arrive.  The  MSME  sector  needs  to  adapt  to  the  latest  technolog-

ical  advancements  to  remain  competitive  at  local,  national,  and  international  levels. 

The  economic  prosperity  of  a  nation  depends  on  the  expansion  and  development 

of  the  sustainable  and  resilient  manufacturing  sector  based  on  information  and  skill 

of  available  manufacturing  technologies.  This  information  and  skill  will  help  in  the 

judicious  utilization  of  the  available  resources  for  the  appropriate  levels  of  produc-

tion  and  maintenance.  There  have  been  continuous  advancements  in  manufacturing 

over  the  few  decades.  However,  with  the  fourth  and  current  industrial  revolution, 

advancements  in  manufacturing  have  been  rapid  and  significant  with  the  tremendous 

technological  growth.  Additionally,  the  generation  of  an  enormous  amount  of  data 

in  manufacturing  is  forcing  various  business  segments  to  develop  insights  from  the 

data,  in  order  to  make  the  best  use  of  it  for  achieving  higher  profits.  MSMEs  that 

made  the  best  use  of  this  available  information,  have  grown  exponentially,  while 

others  that  couldn’t  utilize  this  information  properly,  have  perished  (“Collaboration 

with  technology  startups  could  result  in  exponential,  scalable  growth  for  MSMEs,” 

2019). 
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E-commerce  platforms  enable  the  SMEs  to  reach  a  large  number  of  suppliers  and 

customers  within  a  short  span  of  time  (Bagale, 2014). Thus,  e-commerce  platforms clearly  explain  the  importance  of  digitalization  for  a  MSME. 

A  firm  can  improve  only  when  it  improves  and  innovates  its  process  as  well 

as  its  products,  which  includes  developing  new  products  (Frishammar  et  al., 2012; 

Lorenz  et  al., 2020). However,  the  firm  must  focus  on  open  innovation  to  promote collaboration  with  people  and  organizations  outside  the  company  so  that  others  firms 

could  exchange  their  knowledge,  ideas,  technologies,  and  solutions  with  third  parties. 

Several  trends  have  shown  that  firms  that  focus  on  open  innovation  are  likely  to 

grow  faster  as  compared  to  ‘closed’  firms.  This  is  because  the  firms  have  a  stronger 

internal  knowledge  of  the  technologies  related  to  their  core  competency  as  compared 

to  other  new  technologies  (Lorenz  et  al., 2020).  The  best  example  for  the  same  is BMW  an  auto-giant.  The  company  is  famous  for  its  innovative  capabilities  in  the 

automotive  sector.  It  has  relied  on  technology  from  Microsoft  (Lorenz  et  al., 2020), while  developing  its  own  IoT  platform.  Simultaneously,  it  also  collaborated  with 

Nvidia  to  innovate  autonomous  vehicles  for  their  production  plant  thus,  increasing 

the  speed  and  flexibility  of  material  handling. 

MSMEs  are  continuously  challenged  for  the  quality,  flexibility,  productivity, 

and  delivery  of  their  products.  Additionally,  governmental  regulations  and  resource 

depletion  have  forced  them  to  reduce  waste  and  pollution,  and  also  align  their  prac-

tices  to  achieve  sustainability.  The  use  of  cobots,  CNC  (Computer  Numerical  Control) 

machines,  and  other  reconfigurable  tools  are  integrated  using  adequate  controls  and 

are  used  for  the  development  of  customized  products  (Cohen  et  al., 2019). IoT  is leading  us  to  a  generation  where  machines  and  their  parts  would  be  aware  of  their 

status,  as  well  as  the  customer  requirements,  going  on  to  develop  thereby  personal-

ized  production  (Cohen  et  al., 2019).  Due  to  product  personalization  in  this  modern era,  there’s  a  challenge  in  making  the  customized  shapes  and  structures  of  functional 

objects  (Tofail  et  al., 2018). 

Customization  in  today’s  world  is  leading  toward  an  industrial  scenario  in  which 

the  production  system  requires  an  ability  to  respond  quickly  to  customer  needs. 

This  response-ability  may  be  achieved  by  intelligent  and  innovative  solutions  for 

both  the  product  and  process  (Zawadzki  et  al., 2020). With  the  rise  of  the  digital era,  various  information  and  communication  technologies  such  as  IoT  and  AI-based 

cyber-physical  systems  for  production  and  other  business  segments,  the  world  is 

leading  toward  the  fourth  industrial  revolution  or  Industry  4.0  (I4.0)  (Garay-Rondero 

et  al., 2019).  I4.0  is  ongoing  with  the  CPS  (Cyber-Physical  Systems)  production characteristics  which  are  based  on  knowledge  and  data  integration.  I4.0  promises 

to  bring  about  significant  changes  in  planning  the  work  organization,  division  of 

labor  among  humans,  robots,  and  various  other  high-tech  work  tools.  To  effectively 

implement  the  functioning  of  the  smart  factories  (SF)  in  the  MSME  sector,  employees 

must  develop  their  competencies  in  the  production  process  and  smart  manufacturing 

systems,  with  strong  technical  capabilities,  flexibility,  agility,  creative  innovation, 

and  with  an  aim  of  continuous  learning  in  mind  (Jerman  et  al., 2020).  The  enablers of  I4.0  and  the  features  in  the  digitalized  supply  chain  act  as  a  key  in  providing  the 

quality  of  digital  connectivity  and  communication  of  various  elements  in  the  supply
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chain,  allowing  real-time  storage,  sharing,  and  analysis  of  data  (Garay-Rondero  et  al., 

2019).  Process  optimization  is  possible  by  using  real-time  data  streaming  on  IoT 

technologies  (Zhang  et  al., 2020). 

Smart  part  factories  (SPF)  and  smart  assembly  factories  (SAF)  in  the  future  will 

tend  to  have  real-time  control  over  the  flow  of  information.  Thus,  the  information 

interfaces  may  be  opened  or  closed  at  any  time.  The  overall  profits  of  the  supply 

chain  of  a  smart  factory  improve  as  SAF  and  SAP  tend  to  maximize  their  maximum 

profit  with  the  mechanism  of  dynamic  information  sharing  (Resman  et  al., 2021; 

Wang  et  al., 2020).  In  dynamic  information  sharing,  the  mode  can  be  switched from  symmetric  to  asymmetric  and  vice  versa.  Thus,  it  is  considered  to  be  different 

from  static  information  sharing  (Wang  et  al., 2020). Thus,  data  capture  and  its processing  are  one  of  the  biggest  challenges  for  smart  factories.  Another  major 

challenge  is  the  adaption  of  technologies  from  the  research  institutions  to  the  enter-

prises  because  of  several  non-technical  aspects  such  as  intellectual  property  manage-

ment,  marketing  analysis,  financial  returns,  protection  of  the  technical  invention,  and 

commercialization  (Wan  et  al., 2021). 

Implementing  technology  for  smart  factories  in  the  MSME  sector  requires  know-

how  of  available  and  emerging  technologies  and  potential  implementation  barriers. 

This  study  explores  the  status  of  current  and  emerging  technologies,  along  with  their 

implementation  challenges  faced  by  the  MSME  sector  in  India.  We  reinforce  the 

study  with  a  framework  to  tackle  these  challenges  using  the  Fuzzy  Interpretive  Struc-

tural  Modeling  method.  The  framework  is  developed  for  a  case  in  which,  data  are 

selected  based  on  interviews  and  discussions  with  various  stakeholders  and  experts 

in  the  smart  manufacturing  and  MSME  sector.  The  study  discusses  the  emerging 

technologies  in  Sect. 2,  which  is  sub-categorized  into  digital  thread,  digital  twin, additive  manufacturing,  and  smart  manufacturing.  Sections  4  and  5  constitute  literature  related  to  smart  factories  and  future  supply  chains,  respectively.  Thereafter, 

we  cover  the  challenges  for  adopting  the  smart  factory  system  in  India  w.r.t  MSME 

sector  in  Sect. 6. Next,  we  develop  a  framework  for  challenges  mitigation  strategy based  on  Fuzzy-ISM  methodology  in  Sect. 7. Section  8  presents  the  discussion  and conclusion  of  the  study. 

2  Current/Emerging Technologies in Indian 

Manufacturing 

The  twenty-first  century  is  considered  an  era  of  technology,  since  technology  is 

evolving  rapidly,  and  is  fast  becoming  a  part  of  all  the  industrial  sectors  throughout 

the  world.  Currently,  the  world  is  approaching  I4.0,  which  is  considered  to  be  an 

industrial  world  based  on  automation,  robots,  cobots,  etc.  Thus,  the  upcoming  world 

would  rely  greatly  on  the  above-stated  technological  applications  rather  than  human 

interventions.  Though  no  technology  can  be  developed  and  prevail  without  humans 

so,  the  workforce  would  comprise  of  human  labor,  but  in  a  different  manner  from
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today’s  world,  wherein  it  would  be  highly  skilled  and  ‘techno-enthusiast’,  working  on 

maintenance  and  further  developments  of  automated  systems,  rather  than  being  part 

of  manual  labor.  Post  our  discussions  with  several  experts  from  the  Indian  academia 

and  the  industry,  it  was  clear  that  the  future  of  industries  would  be  highly  driven  by 

real-time  data  that  would  emphasize  increased  cost-cutting  and  higher  productivity 

of  the  system.  Various  technologies  that  are  expected  to  play  a  major  role  in  the 

future  are  described  ahead. 

 2.1 

 Digital  Thread 

Today,  data  serve  as  the  business  fuel  for  the  industry,  and  therefore,  it  is  captured 

in  all  possible  aspects  throughout  the  lifecycle  of  the  product  and  is  used  to  analyze 

the  opportunities  for  reducing  the  equipment  costs  and  lead  times,  simultaneously 

increasing  the  efficiency  and  paving  the  path  for  innovation  (Bonnard  et  al., 2019; 

Mies  et  al., 2016). This  process  is  termed  digital  thread.  The  use  of  technologies, such  as  Big  Data,  Artificial  Intelligence,  Machine  Learning,  IoT,  Deep  Learning, 

etc.  would  prove  to  be  the  enabler  of  digital  thread.  To  achieve  the  vision  of  digital 

thread  an  appropriate  software  infrastructure  needs  to  be  developed  that  can  capture 

the  data,  discover  the  data,  and  make  the  data  available  while  securing  the  IP,  data 

mining  and  security  tools,  quality  standards,  and  data  integration  and  federation.  A 

3D  model  can  be  easily  designed  with  the  help  of  the  digital  thread  by  using  CAD 

software  or  computer  software  for  3D  modeling.  According  to  the  complexity  of 

product  and  sector  of  use,  there  are  a  number  of  processes  involved  with  digital 

thread  (Bonnard  et  al., 2019).  Digital  thread  can  be  used  for  remanufacturing  a product,  using  the  scanned  product  information.  In  this  era  of  connectivity  and  I4.0, 

data  in  the  digital  twin  is  fed  by  the  use  of  connected  sensors  when  the  final  product 

is  moved  into  the  field  of  service  (Bonnard  et  al., 2019). The  digital  thread  helps  to increase  the  productivity  of  the  process,  enhance  the  product  quality,  to  do  horizontal 

integrations,  in  making  continuous  improvements  to  the  product,  and  in  increasing 

the  traceability  of  the  product.  The  challenges  that  occur  in  the  development  of  digital 

thread  include:  providing  transparency,  avoiding  the  duplication  of  information  or 

redundancy,  providing  scalability  and  modularity,  enabling  inspection  and  closed-

loop  manufacturing,  facilitating  product  traceability  during  the  product  lifecycle, 

providing  multi-direction  and  interoperability  of  data,  compatible  with  multi-process 

manufacturing. 

The  ongoing  trade  war  between  the  USA  and  China  and  the  active  promotion  of  the 

“Make  In  India”  campaign  by  the  Indian  government  have  opened  gates  for  the  growth 

of  a  large  number  of  SMEs.  As  a  result,  numerous  SMEs  have  started  digitalizing 

their  operations  and  finances.  Some  of  the  SMEs  in  which,  the  management  is  smart 

enough  to  understand  the  need  of  the  hour  has  started  using  the  digital  threads  to 

reduce  any  kind  of  waste  in  their  production  lines.  This  could  ultimately  be  the  major 

reason  for  the  economic  prosperity  of  the  MSME  sector  in  the  Indian  scenario. 
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 2.2 

 Digital  Twin 

To  achieve  the  goal  of  smart  factories/smart  additive  manufacturing,  the  virtual 

commissioning  tools  can  prove  to  be  a  great  help.  Industry  has  the  knowledge  and 

technology  access  through  the  ‘Digital  Innovation  Hubs’  in  world-class  specialized 

competence  centers  present  in  each  region  of  Europe  (Tofail  et  al., 2018). The  personalization  of  manufactured  products  would  be  a  common  phenomenon  of  I4.0.  The 

potential  solution  to  overcome  the  issues  of  additive  manufacturing  is  DT  (Digital 

twin).  The  digital  twin  has  not  been  implemented  completely  and  effectively  due  to 

a  lack  of  proper  understanding  of  the  DT  concept,  development  methods,  and  frame-

work  (Zhang  et  al., 2020).  The  use  of  digital  twins  would  help  the  organizations to  build  a  better  understanding  of  the  product  in  all  the  possible  segments.  Digital 

twin  is  considered  to  be  the  digital  representation  of  a  product  or  a  production  system 

which  helps  the  individual  to  obtain  a  realistic  view  of  the  product/production  system 

without  making  the  actual  product  thus,  preventing  the  wastage  of  resources,  short-

ening  the  time  to  quality  products  and  part  quality  (Bonnard  et  al., 2019;  Lu  et  al., 

2020a; Zhang  et  al., 2020). 

Digital  twin  was  initially  conceived  in  the  year  2011  as  a  method  for  predicting 

the  structural  behavior  of  an  aircraft  by  analyzing  and  simulating  the  behavior  of 

aircraft  in  a  digital  mode  (Tuegel  et  al., 2011). Research  activities  on  digital  twin boosted  from  the  year  2015  after  the  explosion  of  technologies  like  cloud  computing, 

wireless  communication,  and  machine  learning.  Thereafter,  numerous  industry  prac-

titioners  have  been  developing  digital  twins  to  maintain  operations,  visualize  their 

fleet,  capture  and  predict  the  KPIs  (key  performance  indicators)  (Lu  et  al., 2020a). For instance,  data-driven  decision-making  has  been  emphasized  by  ABB.  SIEMENS’ 

digital  twin  focus  covers  smart  operations  during  the  process  of  product  design, 

production,  and  operation  (Lu  et  al., 2020a).  According  to  market  research,  conducted in  2017,  the  digital  twin  can’t  exist  without  its  physical  asset  and  it’s  just  the  digital 

model,  not  the  twinning  physical  asset.  The  market  of  the  digital  twin  is  expected 

to  reach  $15.66  billion  by  2023  with  an  annual  growth  rate  of  37.87%  (Lu  &  Xu, 

2018).  85%  of  the  digital  twin  that  has  been  designed  so  far  are  for  the  manufacturing assets,  11%  for  the  factories,  a  single  digital  twin  has  been  developed  for  people  and 

no  digital  twins  have  yet  been  developed  for  the  production  systems. 

The  simulation  experiments  with  the  help  of  this  digital  twin  would  provide  a  better 

understanding  of  the  system  processes  in  various  conditions  (Martins  et  al., 2020). 

DT  also  helps  in  running  the  virtual  trial  of  the  system  as  well  as  the  product  and  thus 

helps  in  making  the  investment  decision  based  on  real-time  data  (Zhang  et  al., 2020). 

The  twin  can  be  used  to  monitor,  control,  predict  and  diagnose  the  product/process 

especially  in  a  manufacturing  system  (Lu  et  al., 2020a). The  currently  available  smart components  provide  two  working  modes  for  the  device  i.e.,  ‘simulate’  and  ‘monitor’ 

(Martins  et  al., 2020). The  environmental  conditions  keep  on  changing  regularly, which  may  affect  the  product  quality.  The  way  in  which  the  environmental  effects 

and  various  systems  interact  needs  to  be  considered  as  a  key  factor  (Zhang  et  al., 

2020).  For  achieving  the  concept  of  DT  in  additive/smart  manufacturing,  the  concept
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of  machine  learning  technologies  has  become  extremely  important  (Aoyagi  et  al., 

2019;  Du  et  al., 2019; Wang  et  al., 2018;  Wu  et  al., 2019; Zhang  et  al., 2020). 

 2.3 

 Additive  Manufacturing 

Additive  manufacturing  (AM)  is  different  from  traditional  and  subtractive  manufac-

turing.  The  term  AM  indicates  the  process  of  layer-by-layer  manufacturing  of  3D 

objects  (Aloui  &  Hadj-Hamou, 2021; Motyl  &  Filippi, 2020). AM  is  believed  to  be the  most  appropriate  technology  for  the  rotating  fixture.  It  is  estimated  that  by  the 

year  2026  AMP  would  generate  a  revenue  of  USD  300  billion  in  India,  which  will  be 

almost  equal  to  12%  of  the  country’s  GDP  (Dwivedi  et  al., 2017).  A  digital  3D  model can  be  converted  into  a  final  product  with  the  help  of  AM  technologies  (Sindhu  & 

Soundarapandian, 2017). Production  of  parts  with  complex  geometries  is  enabled 

through  additive  manufacturing.  This  is  due  to  its  connection  with  digital  tools,  such 

as  computer  tomographic  imaging  or  3D  scanning  and  printing  (Schönherr  et  al., 

2020).  Many  companies  of  the  world  are  responding  to  the  increased  competition by  digitizing  their  supply  chains  thus,  the  modern  supply  chains  and  additive  manufacturing  are  among  the  best  applications  of  digital  thread  (Garay-Rondero  et  al., 

2019;  Mies  et  al., 2016). One  may  face  the  following  challenges  while  manufacturing  through  the  AM  technology  lies  in  the  development  of  a  system  which  is 

(Tofail  et  al., 2018): 

1.  Self-contained 

2.  Robust 

3.  Integrated 

4.  Safe 

5.  User  friendly 

6.  Flexible 

7.  Agile 

Manufacturing  using  AM  technology  is  considered  to  be  cheaper  and  faster  as 

compared  to  other  methods  of  manufacturing.  This  is  due  to  the  fact  it  does  not  require 

the  use  of  any  tools  (Aloui  &  Hadj-Hamou, 2021).  As  a  result,  there  is  a  continuous growth  of  AM  with  technological  advancements  across  various  industrial  segments 

such  as  medicines,  automobiles,  and  aeronautics  (Pérez  et  al., 2020). AM  also  offers several  advantages,  such  as  production  flexibility,  efficient  utilization  of  resources, 

versatility,  and  customization  (Aloui  &  Hadj-Hamou, 2021;  Tofail  et  al., 2018).  It works  on  the  4M’s,  i.e.,  materials,  making,  metrology,  and  market  (Tofail  et  al., 

2018).  AM  primarily  focuses  on  low-volume  customization  of  products  with  high value  that  can  be  manufactured  quickly.  AM  highlights  the  components  from  their 

smallest  possible  form  to  the  final  product  in  the  form  of  digital  samples  at  an  initial 

stage,  and  thereafter,  leads  to  the  formation  of  the  final  product  (Tofail  et  al., 2018). 

It  is  considered  to  be  the  backbone  of  I4.0  due  to  its  ability  to  form  a  digital  thread
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and  a  digital  twin.  A  study  by  Lorenz  et  al. (2020)  showed  that  increased  volume flexibility  and  higher  adoption  of  digital  technologies  are  positively  correlated. 

AM  informatics  is  used  for  maintaining  data  after  the  processing  of  the  product,  its 

testing,  and  its  end-of-life  (Mies  et  al., 2016). AM  informatics  increases  the  efficiency of  manufacturing  processes  through  the  entire  supply  chain,  and  thus,  helps  in  the 

better  understanding  of  the  material,  geometry,  and  manufacturing  of  the  AM  parts. 

Modeling  and  simulation  are  the  fundamental  tools  for  developing  and  deploying 

AM  informatics.  AM  informatics  has  been  developed  based  on  the  idea  of  how  the 

data  captured  during  the  processes  of  additive  manufacturing  be  used  for  reducing 

the  lead  time  and  cost:  and  simultaneously,  increasing  the  efficiency  of  the  process. 

AM  Informatics  is  the  science  of  maintaining  the  entire  data  throughout  the  lifecycle 

of  a  product  with  full  maintenance  of  the  relationship  between  the  geometries  of  part, 

processes,  and  material  used  for  the  creation  of  the  final  part. 

 2.4 

 Smart  Manufacturing 

Smart  manufacturing  encompasses  the  mass-production  of  highly  personalized  goods 

at  a  competitive  cost  via.  autonomous  manufacturing.  The  need  for  smart  manufac-

turing  has  arisen  due  to  the  encompassing  of  variability  in  products,  turbulent  market 

needs,  and  smaller  lot  sizes.  Thus,  manufacturers  are  required  to  both  adopt  and  adapt 

to  new  technologies  and  increase  the  quality  of  a  product,  while  optimizing  the  use  of 

resources  and  energy  (Lu  et  al., 2020b).  It  requires  the  end-to-end  integration  of  inter and  intra-business  manufacturing  processes  and  systems  (Lu  et  al., 2020b). Manufacturing  automation  requires  the  vertical  integration  of  manufacturing  systems,  along 

with  a  personalized  product-based  process  of  manufacturing.  In  the  field  of  smart 

manufacturing,  standardization  of  activities  is  highly  dynamic  with  several  inter-

national  initiatives  working  on  standards  related  to  manufacturing.  Data  required 

to  improve  the  quality  of  product,  production  rate,  and  also  to  reduce  the  material 

wastage  includes  the  tracking  of  the  flow  of  product,  the  status  of  a  product,  usage  of 

raw  material,  product  quality  w.r.t.  time,  delivery  status,  product  status,  and  defective 

product  (Sivabalakrishnan  et  al., 2020). The  functionality,  level  of  automation,  and performance  of  the  production  system  are  significantly  enhanced  due  to  the  rapid 

development  and  deployment  of  digital  and  intelligent  technologies  like  CAPP,  CAD, 

CAM,  and  digital  installation  and  production  (Zhou, 2013).  Resource  utilization  and waste  management  are  possible  by  the  collection  and  analysis  of  IoT  data.  Visualization,  using  IoT  technologies  would  help  in  increasing  predictive  maintenance 

by  scheduling  certain  alerts  like  oil  replacement,  machine  diagnosis,  etc.  This  type 

of  practice  is  being  adopted  in  academia  (by  the  use  of  AI,  ML,  etc.)  but  it  is  still 

away  to  be  adopted  in  the  industry.  The  academia  provides  a  clear  understanding 

of  predictive  maintenance  by  the  use  of  digitized  technologies  and  increasing  the 

efficiencies  of  the  system. 

The  idea  of  innovation  has  been  made  possible  with  the  development  of  digitaliza-

tion  and  intelligentization  of  the  manufacturing  industry.  Key  technologies  enabling
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product  innovation  and  the  innovation  of  manufacturing  technology  are  intelligenti-

zation  and  digitization  (Zhou, 2013). In  today’s  modern  market  the  concept  of  “70% 

product  and  30%  market”  is  applicable  rather  than  the  concept  of  “30%  product  and 

70%  market.”  This  is  due  to  the  intense  competition  among  various  players  for  the 

same  product  in  the  market.  The  integration  of  innovation  can  be  achieved  by  keeping 

digitization  and  intelligentization  at  the  core  of  its  IT.  To  understand  the  importance 

of  innovation,  let  us  consider  the  example  of  Kodak  Company:  Kodak  developed  the 

best  digital  cameras  in  the  world  in  1975,  and  the  “global  film  industry  was  monop-

olized  by  it”  but,  due  to  deficiencies  in  its  decision-making  it  did  not  transform  its 

product  with  the  technological  innovations  as  per  the  market  trends  and  competition. 

Slowly,  the  company  was  declared  bankrupt  in  2013  (Zhou, 2013). 

The  manufacturing  process  signals  must  match  with  the  manufacturing  plant  and 

the  product  design  to  enable  appropriate  monitoring  of  the  production  of  highly 

personalized  goods  at  a  rapid  rate.  Implementing  this  requires  a  digital  thread, 

enabling  both  the  upstream  and  downstream  manufacturing  processes  by  fusing  data 

from  all  possible  aspects  (Lu  et  al., 2020b).  At  the  manufacturing  phase,  continuous monitoring  is  done  by  machines  that  update  the  product,  model  and  after  the  building 

of  the  product,  the  assembly  of  the  product  and  final  inspection  takes  place.  Cloud-

based  systems  would  prove  to  be  a  real  help  in  the  automation  of  manufacturing 

systems. 

The  present  status  of  the  Indian  MSME  sector  has  been  categorized  into  two  by 

the  Indian  government,  as  per  the  MSMEs  Development  Act  2006.  The  first  class 

constitutes  of  production  of  goods,  while  the  second  class  involves  the  production 

of  services.  In  todays’  era,  all  Indian  MSMEs  use  basic  tools  and  technology  for 

communication  and  data  processing  during  their  first  stage,  while  they  tend  to  use 

typical  software  and  automation  systems  (in  stage  2)  when  they  reach  a  certain  level 

and  plan  to  grow  further  (Kamble  et  al., 2020). Medium  enterprises  tend  to  have more  matured  technology  as  compared  to  micro  and  small  enterprises.  Large  initial 

investments  in  technology  are  considered  to  be  a  significant  barrier  to  the  adoption 

of  smart  manufacturing  in  the  Indian  MSME  sector. 

3  Indian MSMEs 

The  Indian  economy  has  been  largely  dependent  on  the  MSME  sector  for  over  five 

decades.  Over  the  past  few  years,  the  MSME  sector  has  become  very  vibrant  and 

dynamic.  It  plays  a  crucial  role  in  the  growth  of  the  Indian  economy.  According  to 

the  2020–21  annual  report  of  the  Ministry  of  Micro  Small  and  Medium  Enterprises, 

it  is  estimated  that  the  Indian  MSME  sector  comprises  633.88  lakh  enterprises  which 

accounts  for  1109.89  lakh  employees.  Nowadays  it  has  become  a  general  trend  that 

big  organizations  outsource  their  various  products  by  collaborating  with  various 

MSMEs.  Thus,  the  MSMEs  have  become  an  integral  part  of  the  supply  chain  in 

India. 
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However,  for  maintaining  a  resilient  and  sustainable  supply  chain,  MSMEs  need 

to  maintain  an  appropriate  balance  between  both  the  supply  and  demand  of  their 

products.  Thus,  it  has  become  a  necessity  for  MSMEs  to  maintain  appropriate  inven-

tory  levels  of  the  finished  goods  as  well  as  raw  materials  with  them.  Since  products 

are  being  diversified  regularly,  it  has  become  typical  for  small-scale  manufacturers 

to  maintain  records  of  the  inventory  levels.  As  a  result,  the  digitalization  of  their 

supply  chains  is  becoming  a  necessity.  Nevertheless,  digitalizing  the  entire  supply 

chain  would  incur  huge  costs  for  these  small-scale  enterprises.  Resultantly,  the  entire 

supply  chain  cannot  be  digitalized  in  one  go;  rather,  digitalization  could  take  place  at 

various  points,  and  may  be  done  step  by  step  to  increase  the  efficiency  of  their  supply 

chains.  MSMEs  can  increase  their  efficiency  by  implementing  various  practices  like 

just-in-time  (JIT),  total  quality  management  (TQM),  and  carrying  proper  scheduling 

and  sequencing  of  their  operations. 

In  order  to  spread  awareness  and  promote  the  growth  of  the  MSME  sectors, 

the  Indian  government  has  established  various  research  and  technology  centers  for 

identifying  barriers/challenges  that  hinder  the  growth  of  these  enterprises  with  an  aim 

to  make  India  a  global  manufacturing  hub.  The  government  has  also  launched  various 

beneficial  schemes  for  the  MSMEs,  but  it  has  been  found  that  the  owners  of  most 

MSMEs  are  unaware  of  these  schemes  and  thus,  are  unable  to  take  the  advantages 

posed  by  these  schemes. 

4  Smart Factories 

Development  of  smart  factories  began  in  2012  during  the  early  days  of  I4.0,  and 

was  known  by  different  names  in  different  regions  of  the  world.  I4.0  is  typically 

based  on  dynamic  data  processing  and  CPS  (Resman  et  al., 2021). This  term  (I4.0) was  coined  in  Germany  while  it  was  transformed  to  smart  factories  in  the  USA 

to  account  for  emerging  digitization  of  both  the  products  and  processes  (Porter  & 

Heppelmann,  n.d.;  Thoben  et  al., 2017). I4.0/smart  factory  is  described  as  the  sum  of various  disruptive  innovations  such  as  digitization,  transparency,  mobility,  automation,  network  collaboration,  modularization,  and  socializing  of  products/processes. 

The  term  smart  factories  indicate  a  fully  automated  manufacturing  system  that  is 

majorly  operated  by  the  generation,  transfer,  receiving,  and  processing  of  the  rele-

vant  data  to  conduct  all  kind  of  tasks  required  to  produce  all  the  desired  goods  (Lasi 

et  al., 2014; Pfohl  et  al.,  n.d.).  This  data  is  handled  with  the  use  of  relevant  technologies  like  AI,  IoT,  Big  Data,  etc.  (Osterrieder  et  al., 2020). Although  the  competencies would  vary  across  different  sectors  in  I4.0,  according  to  a  number  of  perspectives 

and  competencies  related  to  the  availability  of  job  profiles  in  I4.0,  there  has  been 

a  common  agreement  that  all  these  job  profiles  would  be  related  to  programming, 

IoT,  robotics,  mechatronics,  design,  data  analysis,  process  analysis  and  maintenance 

of  smart  systems  in  the  era  of  smart  manufacturing/factory  systems  (Jerman  et  al., 

2020).  We  must  not  forget  that  competencies  keep  on  changing  with  time  and  will
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not  be  the  same  as  of  today  in  the  future.  All  this  is  possible  only  with  the  digitization of  the  manufacturing  industry. 

Smart  factory  systems  transform  the  traditional  factory  systems  into  intelligent 

systems  (Jerman  et  al., 2020)  that  are  based  on  modern  advancements  in  technology and  allow  flexible  and  adaptive  production  processes  (Radziwon  et  al., 2014).  The use  of  IoT  is  an  open  network  of  the  link  of  things  (devices)  equipped  with  suffi-cient  capabilities  of  computers  and  communication  that  could  enable  independent 

operations  without  any  kind  of  direct  intervention  by  humans  (Gubbi  et  al., 2013). 

Process  optimization  is  possible  by  the  use  of  real-time  data  streaming  on  IoT  tech-

nologies  (Zhang  et  al., 2020). Industrial  robots,  along  with  an  increasing  demand  for smart  automation  solutions  are  the  driving  factors  for  the  growth  of  smart  factories 

(Jerman  et  al., 2020). Ultimately  this  would  help  in  increasing  both  the  efficiency and  reliability  of  supply  chains  due  to  an  increase  in  the  transparency  and  flexibility 

of  the  supply  chains.  For  establishing  a  smart  factory  with  its  pre-existing  operations 

the  firm  has  to  adopt  the  following  measures  (Resman  et  al., 2021): 

1.  Workshop  organization  within  the  company; 

2.  Explaining  all  the  commonly  used  terminology  for  smart  factories; 

3.  The  competencies  of  the  employees  along  with  the  technological  level  of  the 

company  must  be  analyzed; 

4.  Development  of  digital  twin  at  different  levels; 

5.  All  the  possibilities  for  the  integration  of  I4.0  must  be  analyzed; 

6.  All  the  visualizations  must  be  designed; 

7.  Building  the  smart  factory  in  reality. 

Cloud  computing  has  helped  customers  access  different  data  services  to  be 

accessed  easily  and  quickly.  The  manufacturing  products  can  be  easily  designed 

by  customers  using  the  cloud  computing  design  without  an  appropriate  simulation 

and  virtual  reality  knowledge  (Wan  et  al., 2021). The  paradigms  of  cloud  computing, edge  computing,  and  local  computing  should  be  integrated  in  order  to  increase  their 

effectiveness.  Virtual  reality  (VR)  systems  help  in  the  effective  implementation  of 

these  solutions  for  automation  and  the  computerized  flow  of  data,  practices,  and 

employee  training  (Zawadzki  et  al., 2020).  A  specialized  simulation  environment can  be  obtained  by  the  integration  of  equipment  with  the  appropriate  application  of 

virtual  reality.  VR  systems  can  also  help  in  the  equipment  training  in  smart  facto-

ries  by  repeatedly  providing  the  real-life  scenarios  in  an  uninterrupted  manner  for 

the  appropriate  knowledge  of  products  and  significant  focus  on  their  design  charac-

teristics  (Zawadzki  et  al., 2020). VR  would  help  the  smart  factory  to  improve  the identification  of  tasks,  products  meeting  the  quality  requirements,  the  number  of 

improved  products.  Simultaneous  redesigning  of  AI  algorithms  is  a  must  in  order  to 

match  these  integrated  paradigms  (Wan  et  al., 2021).  But  outsourcing  to  third-party cloud  service  providers  risks  the  leakage  of  customers’  personal  as  well  as  data. 
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5  Future Supply Chain 

Currently,  information  sharing  seems  to  be  a  tedious  process  due  to  the  unavail-

ability  of  immature  IT  infrastructure,  i.e.,  hardware,  software,  and  other  desired 

decisive  factors.  But  information  can  be  effectively  shared  in  the  future  (industry 

4.0)  with  the  support  of  m2m  (machine-to-machine)  communication,  and  the  use  of 

smart  logistics  in  smart  factories.  It  is  easy  and  cost-effective  to  obtain  the  infor-

mation  related  to  demand  forecasting,  but  more  accurate  information  would  always 

be  obtained  somewhere  at  a  later  stage,  which  may  be  costly,  but  may  add  value 

to  the  profits  of  the  supply  chain  (Wang  et  al., 2020).  Supply  chains  are  not  static anymore.  They  keep  on  changing  their  shape,  configuration,  size,  and  the  manner  in 

which  they  are  controlled  coordinated,  and  managed  (Garay-Rondero  et  al., 2019; 

MacCarthy  et  al., 2016). Supply  chains  are  becoming  more  and  more  interconnected thereby,  turning  into  supply  web/supply  networks.  As  a  result,  transparency  among 

the  supply  chain  members  has  become  extremely  important,  which  has  only  become 

possible  through  digitalization,  in  the  process,  laying  a  foundation  of  how  compa-

nies  could  compete  in  the  future  ( Press  Information  Bureau.Pdf  ,  n.d.).  Supply  chain 

management  comprises  the  following  four  constructs: 

1.  Supply  Chain  Management  Components, 

2.  Supply  Chain  Network  Structure, 

3.  Supply  Chain  Management  Processes, 

4.  Supply  Chain  Flows. 

All  the  players  involved  in  the  delivery  of  the  value  chain  are  ready  to  stop  thinking 

about  the  structure  and  connectivity  of  the  supply  chain  in  a  linear  manner,  and  are 

willing  to  bet  on  the  organizational  strategy,  which  is  multi-dimensional  for  the 

following  characteristics  of  the  DSC:  transparency,  collaboration,  real-time  respon-

siveness,  communication,  accuracy,  and  flexibility  (Garay-Rondero  et  al., 2019). 

Supply  chains  are  performing  with  superiority  in  the  production  process  and  demand 

management  due  to  this  integrated  data.  The  development  of  production  processes 

with  the  administration  of  logistics  flow  is  termed  as  a  smart  factory  (Garay-Rondero 

et  al., 2019). 

Previous  research  indicates  that  emphasizing  the  evident  changes  in  the  move-

ment  and  communication  along  the  channels  of  supply  chain  and  distribution  chain 

in  SCNS  is  worth  it.  The  coordination  among  different  companies  of  the  supply  chain 

with  the  flow  of  information  has  been  relevant  in  achieving  both  productivity  levels 

and  competitive  advantage  (Garay-Rondero  et  al., 2019). Use  of  technologies  like AI,  IoT,  Big  Data,  Machine  Learning,  and  Deep  Learning  would  eventually  help 

the  factories  for  their  self-perception,  make  dynamic  configurations,  optimize  their 

operations,  and  also  enable  them  to  make  intelligent  decisions  (Wan  et  al., 2021). 

Thus,  we  can  see  that  these  technologies  would  enable  them  to  capture  the  data  from 

their  surrounding  environment,  process  knowledge  including  the  business  models, 

and  adapt  to  the  external  needs  with  the  help  of  this  data.  This  real-time  data  would
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help  in  increasing  both  the  flexibility  and  speed  of  manufacturing  systems  simulta-

neously,  increasing  thereby  resource  utilization,  transparency,  and  efficiency  of  the 

manufacturing  processes  as  well  as  the  supply  chains. 

6  Challenges in India 

India  is  considered  the  largest  democracy  in  the  world  and  is  also  the  second-largest 

market  after  China.  The  reason  being  for  the  same  is  their  high  population.  Thus, 

these  countries  would  be  able  to  appropriately  understand  the  importance  of  I4.0  for 

fulfilling  the  needs  of  their  rising  population  effectively  and  efficiently.  Everyone 

is  aware  of  the  fact  that  all  the  big  firms  in  the  world  are  dependent  on  some  other 

smaller  firms  for  different  products  (spare  parts).  These  products  in  turn,  are  assem-

bled  by  major  firms  to  make  the  final  product,  which  is  of  use  to  the  customer. 

Thus,  we  can  infer  that  MSMEs  are  the  major  players,  driving  the  entire  industry 

in  one  form  or  the  other.  As  a  result,  we  cannot  ignore  the  MSME  sector  rather 

focus  more  on  it  for  improving  the  efficiency  and  reliability  of  the  supply  chains 

throughout  the  industry.  Industry  practitioners,  the  government,  and  also  researchers 

from  academia  have  understood  that  I4.0  cannot  succeed  without  the  implementa-

tion  of  the  above-stated  technologies  within  the  MSME  sector  which  has  become  the 

biggest  challenge/hindrance  in  the  success  of  industry  4.0.  Considering  the  MSME 

sector,  the  major  challenges  that  India  faced  for  implementing  smart  factories  are 

summarized  in  Table  1. 

1. 

Talent shortage:  Not  only  India,  but  many  countries  are  expected  to  face  this 

challenge,  since  the  number  of  jobs  related  to  data  has  been  on  the  rise,  while 

the  others  have  been  decreasing.  Though  all  have  different  opinions  about  the 

nature  of  job  in  the  era  of  smart  factories,  all  have  a  common  perception  that  the 

maximum  number  of  jobs  in  the  era  of  I4.0  would  be  related  to  the  IT  sector  in 

one  form  or  the  other  (Jerman  et  al., 2020).  But  simultaneously,  the  world  is  also falling  short  of  individuals,  who  are  well-equipped  with  these  technological  jobs 

and  this  will  ultimately  face  challenges  for  the  nation  to  find  suitable  individuals 

for  such  jobs.  The  parameters  that  are  necessary  for  the  planning  of  AM  process 

are  where  manual  intervention  is  required  (Munguía  et  al., 2008). The  possibility for  achieving  the  economies  of  scale  using  AM  can  be  achieved  by  physical 

scaling  up  or  through  improved  machine  throughput,  which  is  necessary  for 

technology  diffusion  in  the  automotive  industry  (Baumers  et  al., 2016). 

2. 

Data Security & Trust Issues:  Once  smart  factories  are  implemented,  all  the 

operations  in  the  smart  factory  will  be  dependent  on  the  flow  of  real-time  data 

in  the  system.  Cloud  computing  will  easily  enable  the  flow  of  this  data  in  the 

system  (Wan  et  al., 2021).  Once  data  is  available  on  cloud,  it  would  be  prone to  various  security  threats  since  it  can  be  easily  leaked  out  and  used  by  others. 

This  data  can  also  be  interrupted  for  carrying  out  different  operations.  As  a 

result,  the  data  flow  will  have  to  be  taken  care  of  by  appropriate  security  tools
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Table  1  Smart  factories  challenges  faced  by  Indian  MSME 

Challenges/barriers

Description

References 

Talent  shortage

• The  changing  nature  of  jobs 

Jerman  et  al.  (2020);  Munguía 

will  pose  challenges  to 

et  al.  (2008);  Baumers  et  al. 

finding  individuals  with 

(2016);  Choudhary  et  al.  (2021) 

desired  technical  skills 

Data  security  and  trust  issues • Data  on  the  cloud  can  be 

Wan  et  al. (2021);  Bonnard 

easily  leaked  out  and  used  by 

et  al.  (2019);  Berman  (2012); 

others

Dwivedi  et  al. (2017); Bonnard 

• Cloud  data  can  also  be 

et  al.  (2019);  Berman  (2012); 

interrupted  for  carrying  out 

Dwivedi  et  al. (2017); 

different  operations

Choudhary  et  al.  (2021) 

• Illegal  sharing  of  digital  files 

Worker’s  resistance  to 

• The  workers  will  oppose 

Mellor  et  al.  (2014); 

change

change  fearing  job  loss  in  the 

Choudhary  et  al.  (2021) 

future  due  to  changing 

technologies 

Information  gaps

• Lack  of  information  by 

Dwivedi  et  al. (2017); Mellor 

vendors  and  sales  team  will 

et  al.  (2014) 

produce  information  gaps  in 

the  system  especially  for 

understanding  the  cost 

structure  of  AM  technologies 

and  products 

Lack  of  pre-defined 

• Due  to  the  dynamic  nature  of 

Sivabalakrishnan  et  al.  (2020); 

industrial  standards

system  activities  in  smart 

Choudhary  et  al.  (2021) 

manufacturing,  there  are  no 

well-defined  industrial 

standards  of  a  product/system 

Lack  of  awareness  schemes 

• Most  of  the  MSMEs  in  India 

Choudhary  et  al.  (2021); 

among  MSMEs

are  unaware  of  the 

discussion  with  experts  at  IIT 

government  schemes  for  the 

Delhi 

growth  and  development  of 

MSME  organizations.  This 

disables  them  from  gaining 

the  benefits  of  these  schemes 

that  result  in  lower  profits  and 

productivity  of  the  system 

Lack  of  affordable 

• Adopting  the  costly 

Choudhary  et  al.  (2021); 

technologies  and  machinery

technologies  is  not 

discussion  with  experts  at  IIT 

possible/feasible  for  the 

Delhi

MSME  sector  majorly  due  to 

lack  of  finances

• Thus,  it  has  become  a 

necessity  to  develop  and 

adopt  low-cost  technologies 

(continued)
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Table 1 (continued)

Challenges/barriers

Description

References

A  disconnect  between 

• Once  the  industry  and 

Discussion  with  experts  at  IIT 

industry  and  academia

academia  are  brought  to  a 

Delhi 

common  platform  and  adapt 

to  the  governmental  policies 

of  a  product/system  will 

ultimately  help  in  the 

appropriate  development  of 

products  and  services 

External  competition

• These  players  are  well 

Discussion  with  experts  at  IIT 

adapted  to  technology  as 

Delhi 

compared  to  India  and  if 

India  fails  in  the  appropriate 

development  of  desired  IT 

levels  then,  the  day  is  not  far 

that  these  players  will 

become  the  leaders  of  the 

MSME  sector  in  the  world 

Lack  of  collaborative 

• Due  to  digitalization  data 

Discussion  with  experts  at  IIT 

ecosystem

transparency  is  increasing  in 

Delhi;  Press  Information 

the  supply  chain,  as  a  result, 

Bureau.Pdf  (n.d.) 

collaboration  is  a  solution  to 

all  the  problems  rather  than 

competition  among  them 

and  measures  that  are  to  be  developed  continuously  with  time  (Bonnard  et  al., 

2019). Data  may  be  easily  transferred  from  one  person  to  another  using  digital platforms  (Berman, 2012).  Illegal  sharing  of  digital  files  may  be  frequent  due to  the  ease  of  access  to  digital  libraries  (Dwivedi  et  al., 2017). 

3. 

Worker’s Resistance to Change:  Though  the  changes  in  the  work  structure 

and  technologies  help  in  improving  the  efficiency  of  AM  system  (Mellor  et  al., 

2014)  but  the  workers  will  be  resistant  to  build  an  extra  effort  to  learn  new technologies  and  thus,  will  oppose  change  fearing  of  job  loss  in  future  due  to 

changing  technologies. 

4. 

Information Gaps:  Lack  of  information  by  vendors  and  sales  team  will  produce 

information  gaps  in  the  system  especially  for  understanding  the  cost  structure 

of  AM  technologies  and  products  (Dwivedi  et  al., 2017;  Mellor  et  al., 2014) 5. 

Lack of Pre-Defined Industrial Standards:  There  are  no  well-defined  indus-

trial  standards  of  a  product/system  involved  in  smart  manufacturing.  This  is  due 

to  the  dynamic  nature  of  the  system  activities  (Sivabalakrishnan  et  al., 2020). 

As  a  result,  many  international  initiatives  are  taking  place  for  achieving  the 

standards  for  smart  manufacturing  in  this  dynamic  environment. 

6. 

Lack  of  Awareness  Among  MSMEs:  Most  Indian  MSMEs  are  unaware  of 

government  schemes  for  growth  and  development  of  MSME  organizations.  This 

disables  them  from  gaining  the  benefits  of  these  schemes  that  result  in  lower 

profits  and  productivity  of  the  system.  Thus,  the  popularization  of  these  schemes
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among  the  MSME  sector  of  the  nation  is  of  high  importance  for  providing  them 

with  these  benefits.  In  a  country  like  India  if  the  MSME  sector  is  fully  developed 

and  efficient,  then  it  will  play  a  crucial  role  in  the  GDP  of  the  nation. 

7. 

Lack of Affordable Technologies and machinery:  Since  the  entire  operations 

in  the  smart  factories  will  be  based  on  technological  advances.  Adopting  the 

costly  technologies  is  not  possible/feasible  for  the  MSME  sector  majorly  due  to 

lack  of  finances.  If  the  smart  factory  system  is  not  implemented  in  the  MSME 

sector  then  the  system  of  I4.0  cannot  be  efficient.  As  a  result,  it  has  become  very 

important  to  adopt  technologies  that  will  be  easily  available  for  all  the  industrial 

segments  at  a  low  cost. 

8. 

A Disconnect between Industry and Academia:  A  major  research  gap  that 

prevails  in  India  irrespective  of  the  fields  is  the  lack  of  interaction  between  the 

practitioners  from  industry  and  academia.  As  a  result,  there  are  inappropriate 

solutions  for  a  problem  and  thus,  the  problem  continues  to  prevail.  Continuous 

interaction  between  the  practitioners  from  industry  and  academia  will  enable 

both  to  get  real  insight  on  the  emerging  trends  and  technologies  simultaneously 

the  desired  industrial  needs  of  the  MSME  sector.  Once  the  industry  and  academia 

are  brought  to  a  common  platform  and  adapt  to  the  governmental  policies  of  a 

product/system  will  ultimately  help  in  the  appropriate  development  of  products 

and  services. 

9. 

External Competition:  India  was  considered  a  hub  for  the  MSME  sector.  But 

with  prevailing  technologies,  and  rise  toward  the  development  of  I4.0,  it  is 

believed  by  various  practitioners  both  in  the  industry  and  academia  that  India 

is  soon  going  to  face  a  tough  competition  from  China  and  Europe  with  their 

increasing  stake  in  the  MSME  sector  with  I4.0.  These  players  are  well  adapted  to 

technology  as  compared  to  India  and  if  India  fails  in  the  appropriate  development 

of  desired  IT  levels  then,  the  day  is  not  far  that  these  players  will  become  the 

leaders  of  the  MSME  sector  in  the  world. 

10. Lack of Collaborative Ecosystem:  According  to  a  CII  (Confederation  of  Indian 

Industry)  report  collaboration  among  the  MSME  sector  is  of  high  importance 

since,  it’ll  enable  the  MSME  to  identify  drive  the  problem  within  their  system 

processes/products  and  develop  innovative  solutions  as  per  their  requirements 

( Press  Information  Bureau.Pdf  ,  n.d.).  The  greater  the  volume  of  data  flow  in  the 

system  greater  will  be  the  interaction  in  the  system.  Thus,  competition  among 

the  MSMEs  cannot  lead  to  innovative  solutions  due  to  a  reduction  in  the  data 

transparency  in  the  system. 

7  Fuzzy-ISM 

A  framework  based  on  Fuzzy  Interpretive  Structural  Modeling  (Fuzzy-ISM)  is  used 

to  rank  the  challenges  in  a  sequence  in  which  they  should  be  tackled  to  enable  the 

rapid  growth  of  an  organization.  Initially,  we  conducted  a  thorough  literature  review 

to  understand  the  MSME  sector,  and  the  developments  that  have  taken  place  within
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this  sector.  Thereafter,  we  interacted  with  the  owners  of  4  micro  and  small  enterprises 

located  in  Delhi  and  neighboring  states  in  order  to  understand  their  way  of  working, 

their  infrastructural  level,  their  awareness  level,  and  the  problems  they  face  on  the 

ground  during  the  start  of  their  organization.  The  review  of  literature  and  interaction 

with  the  owners  of  these  enterprises  helped  us  in  identifying  various  challenges, 

and  building  a  questionnaire  for  obtaining  the  data  points  from  the  experts  from 

industry  and  academia.  The  data  points  were  solely  based  on  the  dependence  level 

of  one  criterion  over  the  other.  The  questionnaire  and  the  purpose  of  the  study  were 

circulated  to  7  experts  from  academia  out  of  which  3  showed  interest  in  the  subject 

and  to  35  experts  from  the  industry  out  of  which  7  responded.  The  experts  were  asked 

to  rate  the  dependence  level  of  each  criteria  over  the  other  on  a  quantitative  scale  of 

0 to 1. 

The  method  of  ISM  was  introduced  by  Warfield  in  1974.  It  is  an  interactive  learning 

process,  since  the  relationship  between  the  variables  is  decided  by  the  judgment  of 

a  group.  ISM  is  a  process  of  structuring  the  elements  (related  directly  or  indirectly) 

into  a  complex  model  (Rajput  &  Singh, 2019). It  is  considered  to  be  one  of  the  most important  techniques  for  building  relationships  among  the  variables,  when  there  is  a 

lack  of  supporting  literature  (Dubey  &  Ali, 2014). ISM  has  been  used  for  analyzing the  relationships  among  the  competitive  enablers  of  the  Indian  Manufacturing  sector 

in  2015  (Dewangan  et  al., 2015). In  order  to  analyze  the  potential  barriers  hindering the  implementation  of  additive  manufacturing  in  the  medical  supply  chain,  ISM  has 

been  used  for  determining  the  driving-dependence  power  of  these  barriers  (Choud-

hary  et  al., 2021). Often  the  factors  or  challenges  in  the  implementation  process  are present  in  an  uncertain  environment,  warranting  the  relationship  weights  to  be  taken 

as  a  fuzzy  number.  Researchers  have  applied  Fuzzy-ISM  to  develop  the  relationship 

among  the  blockchain  characteristics  (Yadav  &  Singh, 2020), to  explore  the  crucial barriers  for  the  implementation  of  information  technology  in  the  largely  unorganized 

logistics  sector  of  India  (Chakraborty  et  al., 2020). 

We  have  used  on  Fuzzy-ISM  method  as  proposed  by  Dwivedi  et  al. (2017).  They have  applied  Fuzzy-ISM  to  develop  relationship  strength  among  the  barriers  of  additive  manufacturing  and  thereafter  rank  these  barriers.  For  detailed  steps  of  the  method, 

readers  are  encouraged  to  refer  to  the  study  by  Dwivedi  et  al.  (2017), which  is summarized  as  follows:

• Identification  of  challenges  or  barriers  based  on  literature  review  and  expert 

discussions. 

• Verify  the  list  of  challenges  for  comprehensiveness. 

• Determination  of  direct  relationship  for  each  pair  of  challenges  as  summarized  in 

the  Initial  Fuzzy  Reachability  Matrix  (Table  2). 

• Develop  an  indirect  relationship  for  each  pair  of  challenges,  as  shown  in  the  Final 

Fuzzy  Reachability  Matrix  (Table  3). 

• Calculate  row  sum  to  determine  the  driving  power  of  challenges  and  column  sum 

for  the  dependence  of  challenges  (Table  3). 

• Perform  cluster  analysis  based  on  driving  power  and  dependence  of  each  challenge 

(Fig. 1).  (Importance  focus  from  the  lower  right  corner  to  upper  left  corner)
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Table  2  Initial  fuzzy  reachability  matrix 

Challenges

C1

C2

C3

C4

C5

C6

C7

C8

C9

C10 

1.  Talent  shortage

1.0

0.0

0.0

0.3

0.0

0.3

0.5

0.0

0.0

0.0 

2.  Data  security

0.0

1.0

0.0

0.7

0.0

0.0

0.5

0.3

0.0

1.0 

3.  Workers  resistance

1.0

0.3

1.0

0.5

0.0

0.0

0.9

0.0

0.0

0.0 

4.  Information  gaps

0.7

0.3

0.0

1.0

0.7

0.0

0.5

0.0

0.1

0.5 

5.  Industrial  standards

0.3

0.3

0.0

0.0

1.0

0.0

0.7

0.0

0.0

0.5 

6.  Scheme  awareness

0.5

0.0

0.5

0.5

0.0

1.0

0.7

0.0

0.0

0.5 

7.  Affordable  technology

0.7

0.0

0.3

0.0

0.0

0.0

1.0

0.3

0.0

0.3 

8.  Disconnect  b/w  industry  and 

1.0

0.3

0.0

0.5

0.3

0.5

0.5

1.0

0.0

0.5 

academia 

9.  External  competition

0.1

0.0

0.0

0.0

0.3

0.0

1.0

0.0

1.0

0.7 

10.  Ecosystem

0.7

0.3

0.5

0.5

0.7

0.5

0.7

0.3

0.3

1.0

• Develop  binary  matrix  (1  for  indirect  relationship  weights  more  than  0.5, 

otherwise  0)  to  perform  level  classification  iterations  as  summarized  in  Table 

4. 

• Based  on  the  level  classification  and  binary  strength  direction,  prepare  an  ISM 

digraph  (Fig. 2). (Importance  focus  from  bottom  or  level  I  challenges  to  top-level VI  challenge)

• Rank  the  challenges  as  per  the  difference  between  driving  power  and  dependence. 

As  summarized  in  Table  5, along  with  cluster  and  levels  values. 

• Verify  the  challenges  ranks  (individual  focus),  cluster  analysis  (group  focus),  and 

digraph  (level  focus)  for  consistency. 

8  Discussion and Conclusion 

Since  the  entire  world  is  moving  toward  I4.0,  India  is  also  not  away  from  it.  The 

Indian  government  has  taken  initiatives  of  Make  in  India  for  promoting  domestic 

manufacturing  by  various  multinational  organizations  and  other  local  vendors.  The 

government’s  aim  through  this  campaign  is  to  make  India  a  global  manufacturing 

hub.  Investors  are  becoming  more  attracted  to  India  rather  than  China,  because  India 

seems  to  be  more  cost-effective  than  China.  The  reason  for  the  same  is  the  shrinkage 

of  labor  in  China  and  simultaneously  the  increasing  value  of  Yuan  as  compared  to 

the  Dollar.  Currently,  the  manufacturing  sector  in  India  has  a  16%  contribution  in 

GDP,  and  the  government  targets  to  make  it  to  26%  by  the  year  2026. 

An  enabling  policy  framework  and  set  of  incentives  have  been  developed  by  the 

Indian  government  on  a  PPP  (Public–Private  Partnership)  model.  Samarth  Udyog 

Bharat  4.0  under  the  Department  of  Heavy  Industries  (Ministry  of  Heavy  Indus-

tries  and  Public  Enterprises)  is  the  initiative  by  the  Indian  Government  to  push  the
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ing v

Dri

2.90 

6.40 

5.01 

4.50 

4.10 

4.56 

3.41 

5.05 

5.45 

5.50 

C10

0.15

1.00

0.30

0.50

0.50

0.50

0.30

0.50

0.70

1.00

5.45

C9

0.05

0.30

0.09

0.15

0.15

0.15

0.09

0.15

1.00

0.30

2.43

C8

0.15

0.30

0.27

0.15

0.21

0.21

0.30

1.00

0.30

0.30

3.19

C7

0.50

0.70
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Fig. 1  Cluster  analysis  result

Table  4  Level  classification  iteration  summary 

Challenges

Driving

Dependence

Intersection

Level 

1.  Talent  shortage

1,7

1,2,3,4,6,7,8,9,10

1,7

VI 

2.  Data  security

1,2,3,4,5,6,7,10

2

2

I 

3.  Workers  resistance

1,3,4,7

2,3,6,10

3

III 

4.  Information  gaps

1,4,5,7,10

2,3,4,6,8,10

4,10

IV 

5.  Industrial  standards

5,7,10

2,4,5,10

5,10

V 

6.  Scheme  awareness

1,3,4,6,7,10

2,6,8,10

6,10

II 

7.  Affordable  technology

1,7

1,2,3,4,5,6,7,8,9,10

1,7

VI 

8.  Disconnect  b/w  industry 

1,4,5,6,7,8,10

8

8

I 

and  academia 

9.  External  competition

1,7,9,10

9

9

I 

10.  Ecosystem

1,3,4,5,6,7,10

2,4,5,6,8,9,10

4,5,6,10

II
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7. Affordable technology 

1. Talent Shortage

5. Industrial Standards 

4. Information Gaps 

3. Worker Resistance 

6. Scheme Awareness 

10. Ecosystem

8. Disconnect b/w 

2. Data Security 

9. External Competition 

Industry and 

A d  i  

Fig. 2  ISM  digraph  for  challenges  toward  MSME  smart  factories

implementation  of  I4.0  with  a  motive  to  propose  and  implement  technological  solu-

tions  to  most  of  the  manufacturing  units  of  the  nation  by  2025  by  conducting  several 

training  programs,  awareness  programs,  etc.  As  I4.0  would  begin  to  flourish  in  India, 

it  would  provide  ample  employment  opportunities  with  technical  capabilities,  such 

as  software  development,  Big  Data  analytics,  AI,  IoT,  etc. 

However,  digitization  will  also  pose  a  lot  of  challenges  for  I4.0  in  an  underdevel-

oped  country  like  India.  The  challenges  that  are  expected  to  occur  include  the  devel-

opment  of  IT  infrastructure,  IT  security,  talent  shortage,  information  duplicity,  data 

redundancy,  lack  of  standards,  interoperability  and  multi-directional  data,  popular-

ization  of  various  governmental  schemes  among  the  MSME  (since  most  MSMEs  are
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Table  5  Analysis  summary 

Challenges

Driving

Dependence

Difference

Rank

Cluster

Level 

2.  Data  security

6.40

3.04

3.36

1

ML

I 

9.  External  competition

5.45

2.43

3.03

2

ML

I 

8.  Disconnect  b/w 

5.05

3.19

1.86

3

ML

I 

industry  and  academia 

3.  Workers  resistance

5.01

4.05

0.96

4

MM

III 

6.  Scheme  awareness

4.56

4.16

0.40

5

MM

II 

10.  Ecosystem

5.50

5.45

0.05

6

MM

II 

4.  Information  gaps

4.50

4.81

−0.31

7

MM

IV 

5.  Industrial  standards

4.10

5.06

−0.96

8

MM

V 

7.  Affordable 

3.41

7.20

−3.79

9

MH

VI 

technology 

1.  Talent  shortage

2.90

7.49

−4.60

10

LH

VI

unaware  of  these  schemes  and  thus,  are  unable  to  take  advantage  of  the  same),  popu-

larization  of  the  importance  of  collaborating  and  monitoring  of  projects  in  MSME, 

development  of  low-cost  technologies,  a  constant  dialog  between  academia  and 

MSME  industry,  competition  from  China  and  Europe  in  the  medium  value  segments 

since  they  too  have  started  investing  in  the  domain  while  India  is  already  operating 

well  in  the  segment,  etc.  Experts  from  both  the  academia  and  the  industry  expect 

digital  twins  to  solely  provide  a  realistic  view  of  the  products  and  processes  well 

in  advance.  Thus,  preventing  the  wastage  of  material  and  resources  in  the  practical 

scenario. 

From  our  discussions  with  the  industrial  practitioners,  we  found  that  the  vision 

of  management  is  the  key  to  the  growth  of  the  organization.  But  it  should  also  be 

believed  that  any  organization  cannot  survive  for  long  without  an  appropriate  vision 

of  management.  So,  it  should  not  be  included  in  the  study  as  per  their  suggestions. 

The  practitioners  believe  that  the  development  of  technology  and  machinery  will  help 

in  the  improvement  of  production  and  productivity.  Also,  no  such  skilled  workers’ 

will  be  required  to  work  on  machineries.  The  machine  operations  can  easily  be 

taught  to  workers;  this  would  reduce  the  shortage  of  talent  at  the  workers’  level,  but 

ultimately  kill  the  talent  for  the  lower  grade  jobs.  It  would  uplift  on  the  other  hand, 

highly  skilled  talent  to  develop  and  maintain  these  technologies.  If  we  talk  about 

collaboration,  MSME  or  any  industry  player  would  only  like  to  collaborate  if  and 

only  if  any  new  player  is  trying  to  enter  the  market.  This  collaboration  ultimately 

aims  at  not  letting  the  new  entrant  spread  its  feet  in  the  market  which  will  ultimately 

result  in  its  isolation  and  bankruptcy. 

Practitioners  also  believe  that  predefined  industrial  standards  can  only  lead  to  the 

rise  of  new  technology  and  machinery  in  a  cost-effective  manner.  Talking  about  the 

awareness  of  governmental  schemes  the  industrialists  believe  that  the  government 

does  not  take  appropriate  steps  to  spread  awareness  about  the  schemes.  Their  experi-

ence  claims  that  workers  will  resist  change  only  if  they  feel  a  danger  over  their  jobs
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and  if  they  find  that  the  change  is  helping  them  to  reduce  their  physical  work,  they 

will  welcome  it.  The  best  way  to  deal  with  this  challenge  of  workers’  resistance  is 

to  make  them  stakeholders  before  new  implementations.  This  provides  them  with  a 

feeling  of  ownership  and  responsibility.  According  to  the  industrialists,  collaboration 

is  quite  a  tough  task,  because  the  game  is  of  market  share,  and  everyone  wishes  to 

dominate  the  market  by  expanding  their  market,  which  leads  to  competition  rather 

than  collaboration.  Talking  about  data  security  and  trust,  it  is  believed  that  the  use 

of  technology  can  help  in  securing  the  data  but  trust  is  the  biggest  challenge  in  this 

unit  rather  than  security  hacks. 

Our  results  have  helped  us  in  determining  the  sequence  in  which  these  challenges 

should  be  tackled  to  boost  organizations.  As  per  our  understanding  through  this 

study,  data  security  is  possibly  the  most  critical  challenge,  and  its  relevance  is  easily 

understood  by  an  individual,  since  data  has  become  the  fuel  for  businesses  in  this 

modern  world.  External  competition  is  the  second  most  important  challenge  that 

should  be  kept  in  mind  by  the  Indian  MSME  sector  while  implementing  the  concept 

of  I4.0.  Organizations  must  be  well  prepared/find  ways  to  deal  with  the  competition. 

It’s  believed  that  if  the  disconnect  between  industry  and  academia  is  reduced  the 

industry  will  grow  toward  the  positive  side.  The  criticality  of  the  disconnect  between 

industry  and  academia  is  also  proven  by  our  results  since  it  is  proven  to  be  the  third 

most  critical  factor  for  our  study.  After  the  disconnect  between  the  industry  and 

academia  workers’  resistance  is  ranked  as  the  next  important  challenge  to  deal  with. 

This  can  be  dealt  with  by  making  them  stakeholders  and  providing  them  with  a  sense 

of  ownership  and  responsibility.  According  to  our  study,  the  fifth  most  important 

challenge  is  the  lack  of  awareness  of  various  government  schemes  for  the  MSME 

sector.  Once  industry  practitioners  of  the  MSME  sector  are  aware  of  these  schemes, 

they’ll  easily  be  able  to  take  advantage  provided  by  the  government  for  the  MSME 

sector.  The  information  gaps  are  ranked  at  eight  as  per  our  study  and  thus,  need 

to  be  focused  at  a  little  later  stage.  While  the  “lack  of  affordable  technology  and 

machinery”  and  “talent  shortage”  are  ranked  as  the  least  critical  challenges  (i.e., 

ninth  and  tenth  respectively)  for  the  Indian  MSME  sector  and  need  to  be  dealt  with 

after  one  has  reached  a  stage  that  the  other  challenges  can  be  tackled  easily. 

The  win  over  the  challenges  would  make  the  implementation  of  I4.0  much  easier 

which,  will  in  turn,  would  lead  to  the  involvement  of  automation  and  robots  in  the 

manufacturing  sector  for  providing  resilience  to  the  supply  chains  in  the  disrup-

tive  scenarios  of  a  pandemic  like  COVID-19.  This  would  also  help  in  the  smooth 

functioning  of  the  economy  and  our  lives  irrespective  of  the  circumstances. 
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